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Strain  aging  under  constant  stress  was 
investigated  in  the  Snoek  ordering  region  by  means  of 
yield  point  return  tests.  Vanadium  specimens  contain- 
ing 132  ppm  oxygen  were  aged  in  situ  after  prestraining 
2.8%  and  9%  at  rates  of  6.7  x 10  ~*s  8.9  x 10'^s"^,  and 

8.9  x 10  4s  4.  Tests  were  performed  for  various  aging 
times  at  temperatures  between  538  K and  403  K,  with 
aging  stress  levels  from  0.27  to  0.98o^-,  where  a ^ is 
the  prestrain  flow  stress. 

The  kinetics  of  Snoek  strain  aging  were 
found  to  be  independent  of  aging  stress  at  353  and 
363  K and  occurred  at  a rate  10  times  faster  than 
predicted  by  theory  at  538  K.  It  is  postulated  that 
the  interstitial  atoms  which  are  primarily  responsible 
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for  the  yield  point  return  reorder  at  a more  rapid  rate 
when  they  are  in  the  high  intensity  strain  fields  close 
to  a dislocation. 

The  maximum  yield  point  return  due  to  Snoek 
ordering  was  found  to  be  independent  of  temperature 
between  353  and  373  K,  and  decreased  when  the  temperature 
was  increased  to  393  and  403  K.  The  reduction  in  the 
maximum  yield  point  return  at  the  higher  temperatures 
was  attributed  to  the  occurrence  of  Snoek  dynamic  strain 
aging  during  prestraining  and  reloading. 

A sharp  maximum  in  the  magnitude  of  the  yield 
point  return  was  observed  at  92%af  at  353,  363,  and  373  K 
after  prestraining  2.8  or  9%  at  a rate  of  6.7  x lO^s'1 
and  aging  for  35  or  120  minutes.  A maximum  yield  point 
return  was  obtained  at  87. So^  after  prestraining  at  a 
rate  of  8.9  x 10  ^s  ^ . The  conditions  for  obtaining  a 
maximum  yield  point  return  were  found  to  depend  on  the 
strain  rate  during  aging.  While  aging  at  a stress  level 
corresponding  to  the  maximum  yield  return,  the  specimens 
deformed  at  a rate  only  2 1/2  orders  of  magnitude  slower 
than  the  prestrain  strain  rate.  For  aging  stress  levels 
above  that  corresponding  to  the  maximum  yield  point 
return,  the  aging  strain  rate  approached  the  prestrain 
strain  rate  as  the  aging  stress  approached  the  prestrain 
flow  stress.  It  is  postulated  that, in  this  region,  Snoek 
dynamic  strain  aging  occurs  during  aging  and  that  the 
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waiting  time  at  a barrier  decreases  as  the  prestrain  flow 
stress  is  approached.  A decreasing  waiting  time  results 
in  smaller  and  smaller  yield  point  returns.  It  is  also 
postulated  that  the  magnitude  of  the  yield  point  return 
decreases  for  aging  stress  levels  less  than  the  maximum 
due  to  aging  of  a relaxed  dislocation  structure. 

Strain  aging  under  constant  stress  was 
investigated  in  the  Cottrell  strain  aging  region  by  means 
of  yield  point  return  tests.  Tantalum  specimens  contain- 
ing 52  ppm  oxygen  were  aged  in  situ  after  prestraining 
9%  at  a rate  of  6.7  x 10  °s  ^ . Tests  were  performed  for 
various  aging  times  between  368  K and  388  K at  aging 
stress  levels  of  20%,  50%,  and  85%ct  . 

The  activation  energy  of  Cottrell  strain  aging 
was  found  to  be  independent  of  stress. 
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CHAPTER  I 
INTRODUCTION 

Strain  aging  is  an  important  aspect  of  the 
mechanical  behavior  in  many  metal  systems.  A number 
of  mechanical  properties  associated  with  fatigue  and 
creep  loading  of  BCC  metals  are  known  to  be  affected 
by  strain  aging.  Peaks  in  curves  of  fatigue  life  or 
fatigue  strength  versus  temperature,  obtained  using 
low  carbon  steel,  have  been  observed  in  the  tempera- 
ture and  strain  rate  ranges  where  dynamic  strain 
aging  occurs  [1,2].  Similarly,  improvements  in  the 
fatigue  properties  of  niobium,  containing  oxygen 
in  solid  solution,  have  been  attributed  to  strain 
aginS  [3] . In  addition,  strain  aging  has  been  observed 
to  reduce  creep  rates,  reduce  rupture  life,  and  increase 
creep  strength  in  niobium  [4,5].  On  the  other  hand,  in 
a study  of  the  interaction  of  fatigue  and  creep  in  a 
tantalum  base  alloy,  the  greatest  acceleration  in  the 
creep  rate  was  observed  upon  raising  the  temperature 
into  the  dynamic  strain  aging  range  [6] . In  all  of 
these  cases,  strain  aging  was  occurring  while  the 
material  was  subjected  to  an  applied  stress. 

Aging  under  stress  is  known  to  enhance  the 
strain  aging  process.  This  effect  is  commonly  observed 
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when  strain  aging  is  monitored  by  observing  the  return 
of  the  yield  point.  When  tensile  specimens  are  aged 
under  an  applied  stress,  a greater  yield  point  return 
is  obtained  than  when  they  are  aged  in  a stress-free 
condition . 

While  there  have  been  many  extensive  investi- 
gations of  strain  aging,  very  little  work  has  been 
devoted  to  determining  the  effects  of  stress  on  strain 
aging.  A review  of  the  literature  concerning  this  area 
of  strain  aging  revealed  that  several  areas  require  a 
more  thorough  investigation.  The  enhancement  of  the 
yield  point  return  when  aging  is  performed  under  stress 
is  well  documented;  however,  there  is  uncertainty  as  to 
whether  an  increase  in  the  kinetics  is  responsible,  re- 
sulting in  the  observation  of  a greater  yield  point 
return  in  a given  interval  of  time,  or  some  other 
mechanism,  such  as  aging  of  the  dislocations  in  a bowed- 
out  configuration,  resulting  in  a greater  unpinning 
stress.  In  addition,  the  conditions  under  which  the 
maximum  yield  point  return  can  be  observed  have  not 
been  clearly  defined. 

Previous  research  in  these  areas  has  suffered 
from  the  disadvantage  of  not  being  able  to  maintain  a 
constant  stress  level  during  aging,  particularly  at 
stress  levels  near  the  prestrain  flow  stress.  In  the 
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present  study  this  difficulty  was  eliminated  through 
the  use  of  an  electronic  load-maintaining  device  de- 
veloped for  the  Instron  machine  that  allowed  the  stress 
level  to  be  kept  effectively  constant  during  aging  even 
at  stress  levels  near  the  prestrain  flow  stress. 

Snoek  strain  aging  is  particularly  convenient 
for  this  kind  of  study  since  the  mechanism  believed  re- 
sponsible for  the  observed  effects  is  simple  in  nature. 
In  the  Cottrell  region  of  strain  aging,  the  theories 
developed  to  explain  the  extent  and  kinetics  of  the 
strain  aging  response  do  so  successfully  only  at  the 
early  stages  of  the  process.  At  later  times  the  process 
is  complicated  by  saturation  and  precipitation.  In 
contrast,  only  one  mechanism  occurs  during  Snoek  strain 
agi-ngj  and  the  theory  developed  to  explain  it  is  not 
restricted  to  the  initial  portion  of  the  process. 

In  order  fully  to  understand  the  effects  of 
a.ging  stress  on  Snoek  strain  aging,  several  general 
issues  related  to  it  need  to  be  resolved.  In  many 
cases,  a discrepancy  exists  between  theory  and  exper- 
imental measurements.  Two  areas  of  concern  are  the 
temperature  dependence  of  the  maximum  yield  point 
return  due  to  Snoek  aging,  and  the  kinetics  of  the 
strain  aging  process.  These  two  areas,  plus  those 
previously  mentioned,  constitute  the  focus  of 
attention  in  this  investigation. 
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The  materials  used  were  the  BCC  metals, 
vanadium  and  tantalum.  These  metals  are  currently 
under  serious  consideration  for  usage  in  the  first 
containment  walls  of  nuclear  fusion  reactors  [7,8]. 
Vanadium  and  tantalum  are  also  ideal  BCC  metals  to 
use  in  a strain  aging  study  since  the  solubility 
limits  of  interstitial  atoms,  such  as  oxygen,  are 
very  high.  This  allows  one  to  observe  the  strain 
aging  process  without  the  complications  of  addi- 
tional processes,  such  as  precipitation,  as  may  occur 
during  strain  aging  of  iron  or  steel. 

The  results  obtained  in  this  investigation 
by  aging  vanadium  and  tantalum  under  constant  stress 
show  several  significant  factors  not  previously 
recognized  about  the  effects  of  the  aging  stress  level 
on  the  strain  aging  kinetics  and  the  magnitude  of  the 
yield  point  return. 


CHAPTER  II 
STRAIN  AGING  PRIMER 


2 . 1 Definition 

Strain  aging  is  normally  defined  as  a 
strengthening  or  hardening  due  to  aging  after  plastic 
deformation.  This  can  be  explained  by  referring  to 
tensile  stress  - strain  diagrams  of  a BCC  metal  such  as 
iron  containing  interstitial  carbon  atoms  in  solid 
solution.  If,  as  shown  in  Figure  la,  one  plastically 
deforms  a specimen  to  point  x and  unloads,  then  upon 
immediately  reloading,  the  specimen  will  plastically 
deform  at  the  prestrain  stress  level  point  of  x. 

If,  upon  unloading,  the  specimen  is  allowed  to  age, 
then  upon  reloading  a higher  stress  level  than  that 
at  the  end  of  the  prestrain  is  needed  to  initiate 
yielding  (Figure  lb) . This  is  what  is  meant  by 
strengthening  due  to  aging  after  plastic  deformation. 
If  the  specimen  is  permitted  to  age  for  a long  enough 
time,  then  upon  reloading,  the  entire  level  of  the 
stress-strain  curve  may  be  raised  over  that  of  an 
unaged  specimen  (Figure  lc) . This  is  referred  to  as 
permanent  hardening  and  may  be  accompanied  by  a 
lowered  ductility. 
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Schematic  representation  showing  the  effect  of 
strain  aging  on  stress -s train  curves. 

(a)  No  aging  period  between  unloading  and  reloading. 

(b)  Short  aging  period  between  unloading  and 
reloading . 

(c)  Long  aging  period  between  unloading  and  reloadin 


stress  stress  stress 


(c) 


strain 
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2 . 2 Mechanisms  Responsible 
for  the  Appearance  of  the  Yield  Point  Return 

There  are  two  primary  mechanisms  responsible 
for  the  observed  yield  point  return  in  BCG  metals: 
Snoek  and  Cottrell  strain  aging.  In  Cottrell  strain 
agi-ng>  interstitial  atoms  diffuse  to  a dislocation  and 
take  up  positions  about  it  so  as  to  reduce  the  strain 
fields  associated  with  both  the  interstitial  atoms  and 
the  dislocation.  This  lowers  the  total  strain  energy 
of  the  lattice.  A greater  stress  is  now  required  to 
initiate  yielding,  since  movement  of  the  dislocations 
requires  that  they  be  separated  from  their  Cottrell 
atmospheres  [9,  10].  In  Cottrell  strain  aging,  inter- 
stitial atoms  diffuse  to  a dislocation  from  positions 
in  the  lattice  that  are  as  many  as  10°  atom  jumps 
away  [11].  This  process  is  preceded  in  time  by  Snoek 
strain  aging  where  interstitial  atoms  merely  reorder 
in  the  stress  fields  of  the  dislocations  by  undergoing 
single  atom  jumps. 

Snoek  strain  aging  can  be  explained  by 
referring  to  the  Snoek  effect  as  it  occurs  in  the  unit 
cell  of  a BCC  lattice  with  interstitial  atoms  in  solid 
solution.  In  Figure  2,  the  solvent  atoms  occupy 
positions  at  the  cube  corners  and  at  the  cube  center. 
The  interstitial  atoms  occupy  octahedral  sites  at  the 
cube  edges  and  cube  faces.  The  size  of  an  interstitial 


Figure  2. 


Unit  cell  of  a BCC  metal.  Solvent  atoms  (black  dots) 
occupy  cube  corners  and  cube  center.  Interstitial 
solute  atoms  (white  dots)  occupy  octahedral 
positions  at  cube  edges  and  faces. 
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atom  is  larger  than  the  space  available  for  it  in  an 
octahedral  site,  such  as  position  x.  This  causes 
substitutional  atoms  A and  B to  be  displaced  apart. 

If  four  of  the  octahedral  positions  lying  parallel  to 
the  Y axis  were  to  become  occupied  by  interstitial 
atoms,  as  in  Figure '3a,  then  the  unit  cell  would  become 
elongated  in  the  Y direction  and  would  assume  a tetra- 
gonal shape.  When  no  external  stress  is  applied  to  a 
crystal  lattice,  a statistically  equal  number  of 
interstitial  atoms  will  occupy  sites  between  atoms 
parallel  to  each  of  the  X,  Y,  and  Z axes,  and  the  unit 
cell  remains  cubic.  If  one  were  to  apply  an  external 
stress  parallel  to  the  Y axis,  then  the  openings  between 
atoms  parallel  to  the  Y axis  would  enlarge,  and  the 
opening  between  atoms  perpendicular  to  the  Y axis  would 
decrease  in  size.  It  would  then  become  energetically 
favorable  for  some  atoms  in  position  1 in  Figure  3b  to 
shift  to  position  2.  This  is  known  as  the  Snoek  effect 
or  Snoek  ordering,  after  Snoek  who  first  postulated  its 
existence  in  1939  [12,  13]. 


In  the  original 
between  dislocations  and 
an  interstitial  atom  was 
dilation  in  the  lattice, 
assumed  to  interact  with 


treatment  of  the  interaction 
interstitial  atoms  by  Cottrell 
assumed  to  act  as  a center  of 
Interstitial  atoms  were  thus 
edge  dislocations  only. 
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Figure  3. 

Tetragonal  distortion  of  unit  cell. 

(a)  Four  octahedral  positions  lying  parallel  to  Y 
axis  are  occupied  by  interstitial  atoms. 

(b)  External  stress  applied  parallel  to  Y axis 
causes  atom  in  position  1 to  shift  to  more 
energetically  favorable  position  2. 
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Nabarro,  in  1948  [14], and  Cochardt,  Schoek  and  Wiedersich, 
in  1955  [15],  pointed  out  that,  due  to  the  tetragonal 
distortion  around  an  interstitial  atom,  an  interaction 
between  the  shear  stresses  around  a screw  dislocation 
with  the  interstitial  atoms  should  also  occur.  Schoek 
and  Seeger , in  1959  [16],  then  showed  that  it  is  possible 
to  observe  the  Snoek  effect  in  the  strained  region  about 
a dislocation.  Subsequently,  Wilson  and  Russell,  in 
1959  [17] , measured  a return  of  the  yield  point  due  to 
Snoek  ordering. 

According  to  the  'breakaway'  theory  of  yielding 
postulated  by  Cottrell  and  Bilby  [9,10]  , yielding  occurs 
when  the  stress  level  is  sufficient  to  pull  the  dis- 
locations from  their  interstitial  atmospheres.  On  the 
other  hand,  the  Johnston  and  Gilman  theory  of  the  yield 
point  is  based  on  the  generation  and  multiplication  of 
fresh  dislocations,  rather  than  on  the  breakaway  of  pinned 
dislocations  [18,19].  Yielding,  according  to  this  latter 
theory,  is  observed  when  a sufficient  number  of  dis- 
locations move  at  a rate  rapid  enough  for  the  plastic 
strain  rate  of  the  specimen  to  become  equal  to  the 
imposed  strain  rate  of  the  testing  machine. 

Evidence  gathered  to  date  indicates  that  it  is 
the  extent  of  aging  that  determines  whether  Cottrell- 
Bilby  or  Johnston- Gilman  type  yielding  predominates. 

The  extent  of  aging  can  be  followed  by  monitoring  the 


increase  of  the  yield  point  return,  Ao,  with  aging  time, 
and  a curve  such  as  that  shown  in  Figure  4 is  typically 
obtained.  It  is  seen  that  A a (defined  in  Chapter  IV) 
initially  rises  rapidly  and  then  levels  off  to  a nearly 
constant  value.  This  first  plateau  is  associated  with 
the  maximum  amount  of  aging  due  to  Snoek  strain  aging. 

After  this  initial  plateau  A a again  increases  rapidly 
with  time,  and  eventually  levels  off  again.  This  latter 
region  is  associated  with  Cottrell  strain  aging.  The 
second  levelling  off  of  the  yield  point  return  at  long 
times  is  associated  with  saturation.  Saturation  occurs 
when  the  interstitial  atoms  have  migrated  to  the  dis- 
locations in  sufficient  numbers  to  either  relieve  the 
strain  energy  induced  in  the  lattice  by  the  dislocations, 
or  set  up  a concentration  gradient  opposing  further 
migration  to  the  dislocations  [10].  Saturation  may 
also  occur  when  migration  to  the  dislocations  results 
in  the  depletion  of  interstitial  atoms  in  the  surrounding 
lattice.  The  concentration  of  interstitial  atoms  about 
the  dislocations  may  be  greater  than  the  solid  solubility 
limit  of  the  solute  in  the  solvent  metal  at  that  temperature, 
and  precipitates  may  form.  The  decrease  in  yield  point 
return,  or  softening,  shown  at  very  long  times  is  believed 
to  he  associated  with  this  precipitation  process  [20]. 
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The  Cottrell - Bilby  mechanism  of  the  yield  point 
is  believed  to  operate  when  pinning  is  "weak",  as  in  the 
Snoek  strain  aging  region,  or  in  the  earliest  stages  of 
Cottrell  strain  aging;  whereas,  the  Johns ton- Gilman 
mechanism  appears  to  operate  at  longer  times,  when  the 
pinning  is  too  strong  for  breakaway  to  occur  [21,22,23], 

The  changes  in  the  tensile  stress  - strain 
behavior  of  a BCC  metal,  as  described  in  Figure  1,  can  also 
be  related  to  the  Snoek  and  Cottrell  mechanisms.  When  ag- 
ing occurs  for  times  corresponding  to  the  Snoek  strain 
aging  region,  the  flow  stress  level  obtained  upon  deforming 
past  the  return  of  the  yield  point  is  the  same  as  would  have 
been  obtained  without  an  aging  treatment.  Upon  aging  at 
times  corresponding  to  the  early  part  of  the  Cottrell 
region,  the  flow  stress  level  of  the  stress  - strain  curve  is 
raised  above  that  of  a non-aged  specimen.  If  a specimen  is 
aged  for  times  long  enough  for  precipitation  to  occur, 
a decrease  in  the  ductility  of  the  specimen  is  observed  [24], 

2 . 3 The  Unloading  Yield  Point 

It  is  important  to  realize  that  strain  aging  is 
not  the  only  process  responsible  for  the  reappearance  of  a 
yield  point.  When  a specimen  is  deformed,  unloaded,  and 
then  reloaded  again,  a yield  point,  referred  to  as  an  un- 
loading yield  point,  may  be  observed  [25].  These  unload- 
ing yield  points,  most  often  observed  in  FCC  metals 
[25,26,27,28],  have  also  been  observed  in  BCC  metals  [29]. 
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Unloading  yield  points  have  been  observed  at 
temperatures  too  low  for  pinning  of  dislocations  by 
solute  atoms  to  occur.  At  these  low  temperatures,  the 
magnitude  of  the  unloading  yield  point  has  been  found 
to  be  independent  of  temperature  and  to  increase  with 
increasing  degree  of  unloading  [26,27]. 

One  theory  advanced  to  explain  the  occurrence 
of  the  unloading  yield  point  is  based  on  dislocation- 
dislocation  interactions.  While  the  exact  mechanism  of 
this  interaction  has  not  been  positively  identified, 
it  has  been  suggested  that  due  to  elastic  interaction 
the  dislocations  rearrange  themselves  into  low  energy 
configurations  upon  unloading  the  specimen.  A yield 
point  occurs  upon  reloading,  since  plastic  flow  requires 
that  energy  be  expended  to  move  the  dislocations  out 
of  these  low  energy  configurations. 

2 . 4 The  Kinetics  of  Strain  Aging 

In  section  2.2  it  was  shown  that  the  Snoek 
effect  is  a process  whereby  application  of  a uniaxial 
tensile  stress  to  a single  crystal  causes  the  inter- 
stitial atoms  to  redistribute  themselves  so  that  an 
excess  number  of  solute  atoms  are  found  in  sites  between 
atoms  aligned  along  a <100>  direction  most  parallel 
to  the  applied  stress.  This  redistribution  does  not 
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occur  instantaneously,  but  develops  with  time.  The  rate 
at  which  the  number  of  excess  solute  atoms  arrive  in  the 
preferred  sites  is  normally  assumed  to  follow  an 
exponential  law  [30], 

Anp  = Anp  (max)  [1  - exp(-t/ta)]  (2.1) 

where  Anp  is  the  number  of  excess  solute  atoms  in  the 
preferred  sites  at  any  time  t,  Anp (max)  is  the  maximum 
number  of  excess  atoms  that  may  be  redistributed  into 
the  preferred  sites  under  a given  tensile  stress,  and 
t is  the  relaxation  time  at  constant  stress. 

If  it  is  assumed  that  the  magnitude  of  the 
yield  point  return  is  directly  proportional  to  the 
number  of  atoms  reordering  in  the  stress  field  of  the 
dislocations  [17] , then  the  time  dependence  of  the 
yield  point  return  for  Snoek  aging  can  be  written 

Aa  = Aa(max) [1  -exp(-t/xr)]  (2.2) 

where  Aa  is  the  magnitude  of  the  yield  point  return 
obtained  at  any  time  t,  and  Aa(max)  is  the  maximum 
yield  point  return  obtainable  by  the  Snoek  ordering 


mechanism. 
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The  relaxation  time,  x , for  Snoek  strain 
aging  is  the  time  required  for  the  magnitude  of  the 
yield  point  return  to  reach  63.2%  of  its  maximum  value. 

The  relaxation  time,x  , has  been  substituted  for  x in 

r cr 

the  above  expression  since  the  two  relaxation  times  are 
nearly  equal  for  the  case  of  interstitial  atoms  in 
3CC  metals  [30].  However,  it  is  important  to  recognize 
that  the  relaxation  time,  x , substituted  for  xa,  is 
the  relaxation  time  that  one  obtains  upon  monitoring 
the  Snoek  effect  by  internal  friction  methods  in  a 
torsion  pendulum.  Substitution  of  this  relaxation  time, 
x , into  the  above  equation  describing  the  time  dependence 
of  the  yield  point  return  is  predicated  on  the  assumption 
that  the  relaxation  time  during  strain  aging  is  the  same 
as  that  observed  during  internal  friction  measurements. 

The  relaxation  time,  x , measured  by  means  of 
a torsion  pendulum,  can  also  be  related  to  the  diffusion 
coefficient  of  the  solute  atoms  in  the  solvent  metal  by 
the  equation  [30]: 

D = Dq [exp (-  Q/RT)  ] = a2/36xr  (2.3) 

where  Q is  the  activation  energy  for  diffusion  and  a is 
the  lattice  parameter  of  the  solvent  metal. 

The  time  dependence  of  the  yield  point  return 
in  the  Cottrell  strain  aging  region  was  developed  by 
Cottrell  and  Bilby  [10].  In  their  treatment  they  showed 
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that  the  number  of  atoms  arriving  at  a dislocation 
within  time  t is  given  by 

n(t)  = anQ  (ADt/RT)  2//^  (2.4) 

where  n(t)  is  the  number  of  atoms  that  have  segregated  to 
a unit  length  of  dislocation;  nQ  is  the  initial  number 
of  atoms  in  solution  per  unit  volume;  D is  the  diffusion 
coefficient  for  the  interstitial  atoms;  a is  a number 
nearly  equal  to  3;  and  A is  a constant  that  depends  on 
the  elastic  properties  of  the  material,  the  degree  of 
misfit  of  the  solute  atom,  and  the  strength  of  the 
dislocation . 

Assuming  that  the  critical  stress  required  to 
pull  a dislocation  from  its  atmosphere  is  proportional 
to  the  number  of  solute  atoms  in  the  atmosphere  [31],  then 
the  magnitude  of  the  yield  point  return  should  be 
proportional  to  t2/ 0 . This  proportionality  has  been  con- 
firmed in  numerous  investigations  for  the  early  stages 

of  aging  by  plotting  the  magnitude  of  the  yield  point 

2/3 

return  versus  t and  obtaining  a straight  line. 

The  activation  energy  for  the  strain  aging 
process  is  usually  obtained  in  one  of  two  ways.  The 
first  method  assumes  the  Arrhenius  relationship,  or 
that  the  rate  of  the  yield  point  return  is  proportional 
to  exp(-Q/RT).  Then,  the  data  for  the  magnitude  of  the 
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yield  point  return  are  plotted  either  versus  t~'  or 
versus  t at  each  of  several  temperatures.  The  logarithm 
of  the  time  required  to  obtain  a specific  value  of  the 
yield  point  return  at  a given  temperature  is  then 
plotted  versus  the  reciprocal  of  the  absolute  temperature. 
The  activation  energy  for  the  process  is  then  calculated 
from  the  slope  of  the  resulting  line. 

A more  rigorous  method  that  is  frequently  used 
is  that  developed  by  Hartley  [32]  , where  the  Cottrell- 
Bilby  t relationship  was  modified  as  follows: 

A a/a  = Kx  + K2(Dt/T)2/5  (2.5) 

where  and  K2  are  constants;  A a is  the  difference 
between  the  yield  stress  after  aging  and  the  prestrain 
flow  stress;  and  a is  the  arithmetic  average  of  the 
yield  stress  after  aging  and  the  prestrain  flow  stress. 
This  relation,  like  Cottrell - Bilby ' s , applies  to  the 
initial  stage  of  the  Cottrell  strain  aging  region. 

The  activation  energy  for  the  strain  aging 
process  is  determined  by  first  plotting  A a/a  versus 

2/r 

t ' ^ . The  slope  of  each  of  these  lines,  S^,  is: 

slope  (S1)  = (K2D2/3)/T2/3  (2.6) 


Upon  taking  the  logarithm  of  both  sides  of  this  equation 
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one  obtains : 

log  (S^273)  = log  K2  + 2/3  log  Dq 

- 2/3  CQ/ 2.303  RT)  (2.7) 

Therefore,  upon  plotting  log  (S-^273)  versus  the 
reciprocal  of  the  absolute  temperature,  one  can 
calculate  the  activation  energy,  Q,  of  the  strain 
aging  process . 


CHAPTER  III 

PREVIOUS  INVESTIGATIONS 
3 . 1 Summary 

The  earliest  indications  that  the  application 
of  stress  during  aging  could  influence  the  strain  a^incr 
response  came  from  observations  of  the  effect  of  applied 
stress  on  the  initial  yield  point  of  iron.  Subsequent 
studies  revealed  that  the  return  of  the  yield  point  was 
also  enhanced  by  the  application  of  stress  during  aging. 
These  studies  were  cursory  in  nature  and  were  not  able 
to  disclose  whether  the  observed  enhancement  was  due  to 
an  increase  in  kinetics,  resulting  in  the  observation  of 
a greater  strain  aging  response  in  a given  amount  of 
time.  These  early  investigations  focused  primarily  on 
effects  observed  at  times  and  temperatures  corresponding 
to  Cottrell  aging.  While  some  of  these  investigations 
included  observations  related  to  Snoek  strain  aging,  the 
analysis  of  the  strain  aging  kinetics  is  generally  open 
to  serious  question.  Similarly,  some  doubt  is  also  cast 
upon  the  methods  used  to  analyze  data  obtained  from 
investigations  of  the  effect  of  stress  on  the  kinetics 
of  the  Cottrell  strain  aging. 
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In  a number  of  strain  aging  investigations 
aging  under  stress  was  performed  primarily  as  a matter 
of  convenience.  In  these  cases,  aging  was  carried  out 
by  merely  stopping  the  testing  machine  for  a period  of 
time  and  then  continuing  the  deformation.  This  allows 
data  to  be  gathered  at  aging  times  too  short  to  be  ob- 
tained by  unloading  the  machine.  Since  it  was  not  the 
intention  of  these  investigators  to  study  the  effects 
of  stress  on  strain  aging,  the  information  they  generated 
relating  to  this  matter  is  scanty.  However,  a number  of 
these  studies  focused  on  Snoek  strain  aging.  Several 
issues  related  to  the  nature  of  Snoek  strain  aging,  in 
general,  still  need  to  be  resolved.  In  particular,  a 
significant  discrepancy  has  been  observed  between 
experimental  measurements  of  the  temperature  dependence 
and  kinetics  of  the  Snoek  strain  aging  process,  and 
that  predicted  theoretically. 

In  more  comprehensive  studies  of  the  effects 
of  stress  on  strain  aging,  the  form  of  the  relationship 
between  aging  stress  and  the  strain  aging  response 
varies  significantly.  In  some  cases,  the  effect  of 
raising  the  aging  stress  is  to  diminish  the  magnitude 
of  the  yield  point  return,  rather  than  to  increase  it, 
and  the  conditions  for  obtaining  a maximum  value  are 
not  clear.  The  presence  of  an  unloading  yield  point 
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and  the  large  degree  of  stress  relaxation  that  normally 
occurs  during  aging,  when  aging  is  performed  under  stress 
relaxation  conditions,  further  complicate  the  analyses 
of  the  results  that  were  obtained. 

A consideration  of  these  previous  investigations 
with  respect  to  each  of  these  issues  is  thus  important. 

3 . 2 The  Effects  of  Stress  on  the 
Kinetics  of  Strain  Aging 

The  first  indications  that  the  stress  required 
to  initiate  yielding  could,  be  increased  by  prior  pro- 
tracted application  of  stress  came  from  observations  made 
by  Holden  and  Kunz  [33]  on  iron  single  crystals.  These 
crystals  normally  had  either  a very  small  or  no  initial 
yield  point.  However,  when  they  were  subjected  to  a 
tensile  stress  of  2/3  of  the  yield  stress  for  one  hour, 
a marked  increase  in  the  upper  yield  point  was  observed. 
They  also  observed  that  if  these  crystals  were  deformed 
and  aged  under  tension  at  a stress  just  below  the  pre- 
strain flow  stress,  a higher  upper  yield  point  was 
obtained  than  when  aging  occurred  with  the  stress  relaxed 
almost  to  zero . 

Paxton  [34]  observed  a similar  increase  in 
the  initial  yield  stress  of  polycrystalline  iron  upon 
prestressing  between  the  upper  and  lower  yield  stress, 
unloading,  and  reloading. 
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These  initial  studies  focused  almost  exclusively 
on  the  initial  yield  point.  Further  evidence  that  strain 
aging  could  be  enhanced  by  the  application  of  stress 
during  aging  was  obtained  by  Wilson  and  Russell  [17]. 

They  determined  that  aging  a low  carbon  steel  under  stress 
resulted  in  a greater  yield  point  return  than  aging  in  a 
stress-free  condition.  They  also  observed  that  while  an 
increase  in  the  concentration  of  interstitial  carbon  and 
nitrogen  in  solid  solution  increased  the  size  of  the 
yield  point  return,  the  yield  point  increased  by  a greater 
amount  in  those  specimens  that  had  been  stressed  during 
aging. 

The  first  investigation  of  the  effects  of 
stress  on  the  kinetics  of  strain  aging  was  carried  out 
by  Brittain  and  Bronisz  [35]  on  low  carbon  steel.  Tests 
were  performed  at  stress  levels  near  the  prestrain 
flew  stress  at  times  and  temperatures  corresponding  to 
the  initial  portion  of  the  Cottrell  strain  aging  region. 
They  found  that  the  yield  point  return  varied  linearly 
with  time  rather  than  obeying  the  t2//3  relationship 
predicted  by  Cottrell  and  Bilby  [10].  Utilizing  an 
Arrhenius  relationship  to  describe  the  rate  of  strain 
a§i-ng>  they  obtained  an  activation  energy,  for  specimens 
prestrained  41,  of  10,000  cal/mole.  Similar  analysis  of 
data  prestrained  8%  and  121  resulted  in  activation 
energies  of  9,400  and  8,500  cal/mole,  respectively. 
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These  values  are  about  half  those  corresponding  to  the 
diffusion  of  carbon  in  iron.  They  interpreted  these 
results  as  indicating  an  acceleration  of  the  strain 
aging  process. 

This  was  challenged  by  Almond  and  Hull  [36] 
who  studied  the  effect  of  stress  on  strain  aging  in 
iron,  niobium,  and  tantalum.  An  increase  in  the  yield 
point  return  was  observed  when  aging  was  carried  out  under 
stress  over  the  entire  Cottrell  strain  aging  region. 

While  aging  was  carried  out  at  two  stress  levels  for 
all  three  of  the  metals,  only  the  data  obtained  for  iron 
were  analyzed  for  kinetics.  The  iron  specimens  were 
aged  at  stress  levels  corresponding  to  8%  and  71%  of  the 
flow  stress  obtained  by  prestraining  5%.  The  activation 
energies  were  obtained  by  using  an  Arrhenius  relation 
where  the  logarithm  of  the  time  required  to  obtain  a 
given  increase  in  the  upper  yield  stress  was  plotted 
versus  the  reciprocal  of  the  absolute  temperature, 
tour  times  and  the  corresponding  values  of  the  return 
of  the  upper  yield  point  at  the  lower  stress  level, 
and, similarly , five  pairs  of  values  at  the  higher 
stress  level  were  used.  The  activation  energies  ob- 
tained for  the  specimens  aged  at  the  lower  stress 
level  ranged  from  17,400  ± 800  cal/mole  to  18,800  ± 

1600  cal/mole,  while  the  activation  energies  for  the 
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specimens  aged  at  the  higher  stress  level  ranged  from 
19,100  ± 1400  cal /mole  to  19,500  ± 1100  cal/mole.  In 
addition,  several  tests  were  performed  on  specimens  that 
had  been  allowed  to  relax  in  the  grips  of  the  testing 
machine  without  unloading.  Similar  analysis  of  the 
data  obtained  from  these  tests  yielded  an  activation 
energy  of  17,600  ± 1400  cal/mole.  Almond  and  Hull 
therefore  concluded  that  the  diffusion  of  nitrogen 
controlled  the  strain  aging  process,  and  that  the  effect 
of  stress  was  insignificant  with  respect  to  the  kinetics 
of  the  process . 

Several  subsequent  studies  of  the  kinetics 
of  strain  aging  were  not  concerned  with  the  effects 
of  stress  on  strain  aging  per  se,  but  utilized  aging 
under  stress  in  order  to  be  able  to  monitor  strain 
aging  at  very  short  times  where  strain  aging  due  to  the 
Snoek  ordering  process  could  be  observed.  Rosinger, 
Craig,  and  Bratxna  [37]  studied  the  kinetics  in  iron 
containing  0.011  between  273  K and  373  K.  Aging 
under  stress  was  performed  by  interrupting  deformation 
for  given  intervals  of  time,  and  then  continuing 
deformation  to  produce  a yield  point.  The  yield  points 
thus  obtained  were  plotted  versus  time  to  the  2/3  power. 
For  each  testing  temperature,  it  was  observed  that  the 
data  appeared  to  define  two  stages:  each  stage  being 
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linear  with  t2/3,  but  having  a different  slope. 

Rosinger  et  al.  then  assumed  that  the  first  stage 
corresponded  to  Snoek  strain  aging,  and  the  second  to 
Cottrell  strain  aging.  They  further  assumed  that  the 
time  corresponding  to  the  inflection  between  the  two 
stages  represented  the  time  required  for  a carbon  atom 
to  undergo  a single  jump.  This  is  because  the  Snoek 
strain  aging  process  is  essentially  complete  in  that  time. 
They  checked  this  assumption  by  plotting  the  logarithm 
of  the  inflection  time  versus  the  reciprocal  of  the 
absolute  temperature.  This  curve  was  then  compared  to 
a plot  of  the  logarithm  of  the  carbon  atom  jump  time 
versus  1/T,  and  they  concluded  that  the  agreement  was 
good.  It  is  difficult  to  see,  however,  how  a 24% 
difference  between  the  slopes  of  the  two  lines  they 
plotted  can  be  considered  to  comprise  good  agreement. 
Actually,  if  one  calculates  the  carbon  atom  jump  time 
at  273  K on  the  basis  of  accepted  diffusion  data  [38,39], 
a value  of  about  21  seconds  is  obtained,  which  does  not 
agree  well  with  the  inflection  time  of  about  65  seconds 
obtained  by  Rosinger  et  al. 

Two  methods  were  used  by  these  investigators 
to  analyze  the  kinetics  of  the  first  stage  of  strain 
aging.  In  the  first,  an  activation  energy  was  derived 
from  the  slope  of  the  log  inflection  time  verus  1/T  plot, 
which  was  15.5  kcal/mole.  The  second  method  consisted  of 
applying  Hartley's  method  [32]  to  plots  of  the  yield 
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point  return  versus  t2/3.  While  a t2/3  relationship  can 
be  predicted  for  the  second  stage  of  strain  aging  on  the 
basis  of  the  Cottrell - Bilby  theory,  the  application  of 
this  theory  to  the  first  stage  is  highly  questionable. 

The  Snoek  effect  actually  follows  an  exponential  re- 
lationship with  time.  The  activation  energy  obtained 
by  this  method  was  14.5  kcal/mole.  These  two  values  for 
the  activation  energy  of  the  first  stage  of  strain  aging 
are  considerably  below  that  for  the  diffusion  of  carbon 
in  iron.  Rosinger,  Craig  and  Brattina  concluded  that 
the  activation  energy  barrier  for  diffusion  was  lowered 
by  the  stress  applied  during  aging. 

Upon  applying  Hartley's  method  to  the  second 
stage  of  strain  aging,  an  activation  energy  of  18.5 
kcal/mole  was  obtained.  This  value  is  in  good  agreement 
with  the  activation  energy  of  interstitial  bulk 
diffusion  in  iron. 

The  analyses  of  two  other  investigations  by 
Rosinger  and  Craig  [40],  in  one  case,  and  by  Rosinger  [41], 
in  the  other,  are  also  subject  to  doubt.  Both  of  these 
investigations  followed  the  same  experimental  procedures 
used  in  the  previous  investigation,  and  in  both  cases 
strain  aging  was  concluded  to  occur  in  two  stages. 

Rosinger  and  Craig  also  analyzed  the  kinetics 
of  the  first  stage  of  strain  aging  by  applying  Hartley's 
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method  to  plots  of  the  yield  point  return  versus  t3/^3. 
Unfortunately,  their  decision  as  to  which  of  the  data 
belonged  to  the  first  stage  was  based  on  the  observed 
inflection  times.  For  example,  data  were  included  in 
the  analysis  of  the  first  stage  which  were  obtained 
by  strain  aging  at  333  K for  times  that  would  have 
permitted  approximately  not  one  but  200  atomic  jumps 
to  have  occurred.  The  activation  energy  thus  obtained 
was  6.6  kcal/mole,  a value  even  lower  than  that 
obtained  earlier. 

The  data  of  Rosinger  and  Craig  for  the  second 
stage  of  strain  aging  could  not  be  fitted  to  a t2//3 
relationship.  Instead,  they  were  fitted  to  a t"^3 
relationship  and  Hartley's  method  was  applied,  even 
though  this  method  is  based  on  the  Co ttrell - Bilby 
theory  which  predicts  a W3  relationship.  This 
analysis  yielded  an  activation  energy  of  17.6  kcal/mole. 

Rosinger  applied  the  same  experimental 
techniques  to  both  single  crystal  and  polycrystalline 
specimens  of  iron.  The  methods  of  analysis  previously 
described  were  also  used.  An  activation  energy  of 

14.1  - 14.9  kcal/mole  was  obtained  for  the  first  stage 
of  strain  aging  for  both  the  single  crystal  and  poly- 
crystalline specimens.  An  activation  energy  of  21.3  - 

23.2  kcal/mole  was  obtained  for  the  second  stage  of 
strain  aging  for  the  single  crystal  specimens,  and  a 


34 


value  between  18.4  - 18.7  kcal/mole  was  measured  for 
the  polycrystalline  specimens. 

Duval  and  Dickson  [42]  performed  a more 
detailed  study  of  the  influence  of  aging  stress  on  the 
yield  point  return  of  mild  steel.  Specimens  were  aged 
under  stress  by  unloading  to  a desired  stress  level  and 
allowing  stress  relaxation  to  occur  for  aging  times 
varying  between  30  and  600  seconds.  The  aging  stress  was 
defined  as  the  stress  level  at  the  beginning  of  the  aging 
period.  The  kinetics  of  strain  aging  were  obtained  for 
specimens  aged  for  300  seconds  between  282  K and  333  K, 
which  correspond  to  a time  in  the  Cottrell  strain  aging 
region  at  these  temperatures.  The  specimens  were  aged 
at  0%,  80%,  and  100%  of  the  flow  stress  obtained  at  a 
14%  prestrain. 

The  yield  drop  was  assumed  to  obey  a kinetics 
equation  of  the  type  A o/o^  = A + Btn,  where  A was  assumed 
to  represent  an  athermal  component.  Upon  plotting  the 
logarithm  of  the  yield  point  return  versus  1/T,  L-shaped 
curves  were  obtained;  the  yield  point  return  initially 
decreased  linearly  with  decreasing  temperature,  then 
leveled  off  and  remained  constant  with  decreasing 
temperature.  The  constant  value  of  the  yield  point 
obtained  at  the  lower  temperatures  was  taken  as  the 
value  of  A.  This  was  then  subtracted  out  and  the  slopes 
of  the  resulting  lines  were  used  to  obtain  the  activation 
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energies.  For  specimens  aged  at  0%,  80%,  and  100%  of 
the  flow  stress,  respectively,  activation  energies  of 
92  ± 20  kJ/mole  (21.9  kcal/mole) , 113  ± 12  kJ/mole 
(26.9  kcal/mole),  and  88  ± 12  kJ/mole  (20.9  kcal/mole) 
were  obtained.  They  also  applied  Hartley's  analysis  to 
specimens  aged  at  the  flow  stress.  This  yielded  an 
activation  energy  of  84  ± 8 kJ/mole  (20.1  kcal/mole). 
While  the  activation  energies  obtained  for  specimens 
aged  at  0%  and  100%  of  the  flow  stress  are  similar,  and 
agree  with  values  reported  for  the  diffusion  of  carbon 
or  nitrogen  in  iron,  a higher  activation  energy  was 
obtained  for  aging  at  80%  of  the  flow  stress.  It  was 
also  observed  that  the  maximum  yield  point  return  ob- 
tained for  aging  at  300  K for  120  and  600  seconds 
occurred  at  80%  of  the  flow  stress.  Duval  and  Dickson 
concluded  that  this  higher  activation  energy  indicated 
that  no  single  thermally  activated  process  was  rate 
controlling  for  aging  performed  near  this  stress. 

Similar  analyses  were  performed  for  specimens 
aged  at  both  zero  stress  and  at  the  flow  stress  for 
30  seconds.  The  temperature  range  that  was  used  was 
not  specified;  however,  since  some  data  are  presented 
for  specimens  aged  at  266  K and  300  K,  it  is  probable 
that  these  were  used  in  the  analysis.  A calculation 
of  the  jump  times  for  carbon  at  these  temperatures 
indicates  that  aging  for  30  seconds  at  266  K corresponds 
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to  a time  in  the  Snoek  strain  aging  region,  while  aging 
for  30  seconds  at  300  K corresponds  to  a time  in  the 
initial  stages  of  the  Cottrell  strain  aging  region. 

It  is  possible,  then,  that  the  analysis  of  the  kinetics 
for  specimens  aged  30  seconds  utilized  data  from  both 
the  Snoek  and  Cottrell  strain  aging  regions.  The 
activation  energies  obtained  for  aging  at  zero  stress 
and  at  the  flow  stress  were,  respectively,  54±  8 kJ/mole 
(12.9  kcal/mole)  and  50  ± 8 kJ/mole  (11.9  kcal/mole) . 

No  activation  energy  was  obtained  for  any  intermediate 
level  of  aging  stress.  These  values  are  considerably 
lower  than  those  corresponding  to  specimens  aged  at 
300  seconds;  however,  Duval  and  Dickson  claim  they  are 
in  good  agreement  with  those  obtained  by  Rosinger  [41] , 
and  Rosinger  et  al . [37],  whose  work  has  already  been 

discussed.  The  validity  of  these  values  is  questionable 
for  the  reasons  already  presented. 

3 . 3 The  Temperature  Dependence  of  the 
Snoek  Form  of  Strain  Aging 

The  first  investigation  of  the  effect  of 
temperature  and  time  on  the  yield  point  return  involving 
Snoek  ordering  of  interstitial  atoms  in  the  stress 
fields  of  dislocations  was  made  by  Nakada  and  Keh  [43]. 
They  measured  the  return  of  the  yield  point  in  iron- 
nitrogen  single  crystals  between  228  and  273  K using  a 
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range  of  times  sufficient  to  enable  monitoring  of  both 
the  initial  and  final  stages  of  strain  aging. 

Data  were  presented  showing  the  variation  of 
the  yield  point  return  with  time  at  five  test  tempera- 
tures. The  magnitude  of  the  yield  point  return  was 
observed  to  initially  increase  with  time  and  then  level 
off  to  a nearly  constant  value.  This  plateau  corresponds 
to  the  maximum  amount  of  strain  aging  due  to  the  Snoek 
mechanism,  and  should  be  independent  of  the  testing 
temperature  [16].  While,  as  expected,  the  time  for  the 
onset  of  the  Snoek  plateau  decreased  as  the  test 
temperature  was  raised,  the  magnitude  of  the  yield  point 
return  in  the  Snoek  plateau  region  changed  with 
temperature.  Upon  raising  the  test  temperature  from 
228  K to  236  K,  the  height  of  the  Snoek  plateau  was 
slightly  increased.  A further  increase  to  248  K then 
decreased  the  height  to  a value  approximately  the  same 
as  that  obtained  at  228  K.  The  result  of  increasing  the 
test  temperature  further  was  to  decrease  the  Snoek 
plateau  height  significantly.  The  height  of  the  Snoek 
plateau  obtained  at  273  K was  about  47%  lower  than  that 
obtained  at  261  K and  about  60%  lower  than  that  obtained 
at  248  K. 

Similar  observations  were  made  by  Delobelle, 
Oytana  and  Varchon  [44]  for  the  niobium-oxygen  system. 
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They  determined  the  variation  of  the  magnitude  of  the 
yield  point  return  with  time  at  344  K,  371  K and  398  K. 

For  specimens  tested  at  371  K,  the  magnitude  of  the  yield 
point  return  obtained  in  the  Snoek  plateau  region  was 
about  58%  below  that  obtained  for  specimens  tested  at 
344  K.  At  398  K the  height  of  the  Snoek  plateau  region 
was  essentially  reduced  to  zero;  that  is,  no  strain 
aging  due  to  the  Snoek  mechanism  was  observed,  even  though 
the  process  should  have  nearly  reached  completion  at  this 
stage.  An  extension  of  this  work  by  Delobelle  and 
Oytana  [45]  indicate  a similar  pattern  for  the  tantalum- 
oxygen  and  iron-carbon-nitrogen  systems.  Data  were 
obtained  for  the  tantalum  specimens  at  298  K,  333  K, 

363  K,  and  393  K.  At  each  successively  higher  temperature, 
the  height  of  the  Snoek  plateau  dropped  below  that 
obtained  at  the  lower  temperature.  Thus,  at  393  K 
the  height  of  the  Snoek  plateau  was  65%  below  that 
obtained  at  298  K.  A similar  effect  on  raising  the 
test  temperature  of  the  iron  specimens  was  observed 
as  with  the  niobium  and  tantalum  specimens. 

The  above  effects  are  not  necessarily 
confined  to  the  Snoek  strain  aging  region.  In  several 
investigations  the  maximum  yield  point  return  obtained 
in  the  Cottrell  strain  aging  region  either  increased 
slightly  or  remained  about  the  same  with  increasing 
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temperature.  However,  in  other  investigations  the 
maximum  yield  point  return  obtained  in  the  Cottrell 
strain  aging  region  decreased  markedly  with  increasing 
temperature . 

The  results  of  Szkopiak  and  Miodownik  [46],  who 
strain  aged  commercially  pure  niobium  between  373  K and 
435  K in  the  Cottrell  strain  aging  region  show  that  in- 
creasing the  test  temperature  increases  the  maximum  yield 
point  that  is  obtained.  Similar  studies  made  on  a mild 
steel  [47],  and  on  a high  strength  low  alloy  steel  [48], 
indicated  that  the  maximum  yield  point  return  either 
increased  slightly  with  temperature  or  remained  about 
the  same. 

In  contrast  are  results  shown  by  Rosinger  and 
Craig  [40]  for  strain  aging  in  the  Cottrell  region  of  a low 
carbon  polycrystalline  iron  alloy.  The  effect  of  tempera- 
ture on  the  time  dependence  of  the  yield  point  return  was 
monitored  and  the  results  show  that  a maximum  yield 
point  return  was  obtained  at  323  K and  333  K.  From  the 
shape  of  the  curves  obtained  at  lower  temperatures,  it 
appears  that  a smaller  maximum  yield  point  return  was 
obtained  at  323  K and  333  K than  would  be  obtained  at 
the  lower  temperatures  if  aging  was  carried  out  for 
longer  times.  The  maximum  yield  point  return  obtained 
at  333  K was  24%  lower  than  the  magnitude  of  the  yield 
point  return  obtained  at  304  K upon  aging  for  the  same 
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amount  of  time.  An  increase  in  the  test  temperature 
should  normally  cause  an  increase  in  the  value  of  the 
yield  point  return  obtained  after  aging  for  the  same 
interval  of  time,  since  at  the  higher  temperature  a 
greater  number  of  atoms  will  arrive  at  a dislocation 
in  a given  interval  -of  time. 

Rosinger,  Craig  and  Bratina  [27]  studied  the 
strain  aging  of  polycrystalline  iron  at  higher 
temperatures.  Their  results  indicate  that  a decrease 
in  the  maximum  yield  point  return  with  increasing 
temperature  was  even  more  pronounced  from  353  K to 
373  K.  At  373  K the  maximum  yield  point  return  was 
55%  lower  than  that  obtained  at  323  K. 

3 • 4 A Comparison  between  the  Experimental 
and  Theoretical  Time  Dependence  of 
the  Snoek  Strain  Aging  Proces~s~ 

The  time  dependence  of  Snoek  strain  aging, 
as  discussed  in  section  2.4,  is  normally  assumed  to 
follow  the  relationship 

Aa  = Aamax[1  ' exP(-tAr)]  (3.1) 

where  Aamax  is  the  maximum  yield  point  return  obtainable 

by  Snoek  ordering,  and  xr  is  the  relaxation  time  of  the 

Snoek  ordering  process.  The  relaxation  time,  t , 

r 


is  the 
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time  required  for  the  yield  point  return  to  reach  63.2% 
of  its  maximum  value,  and  the  Snoek  strain  aging  process 
should  be  essentially  complete  in  the  time  it  takes  an 
atom  to  undergo  a single  jump. 

This  relationship  was  developed  in  accordance 
with  the  time  dependence  of  the  Snoek  effect,  as  it  occurs 
during  internal  friction  measurements,  where  the  driving 
force  for  the  ordering  process  results  from  the  tetra- 
gonal distortion  in  a crystal  by  the  application  of  a 
very  small  external  stress.  It  has  generally  been  assumed 
that  when  the  driving  force  for  Snoek  ordering  results 
from  the  stress  field  of  a dislocation,  the  magnitude  of 
the  yield  point  return  will  follow  the  same  relationship 
with  time.  If  this  is  true,  the  relaxation  time  deter- 
mined from  experimental  measurements  of  the  yield  point 
return  during  Snoek  strain  aging  should  be  the  same  as 
that  obtained  from  torsion  pendulum  measurements  of  the 
Snoek  effect.  While  results  from  several  Snoek  strain 
aging  studies  support  this  conclusion,  there  also  exists 
significant  evidence  that  contradicts  it. 

Wilson  and  Russell  [17]  investigated  Snoek 
strain  aging  in  a low  carbon  steel.  Specimens  were  aged 
at  261  K under  a reduced  load  between  80%  and  90%  of 
the  prestrain  flow  stress.  The  rise  in  the  yield  point 
return  was  observed  to  be  about  63%  complete  in  100 
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seconds,  which  is  in  agreement  with  the  relaxation  time 
for  the  ordering  of  carbon  in  iron  at  261  K as  measured 
by  internal  friction  methods. 

Nakada  and  Xeh  [43]  investigated  Snoek  strain 
aging  in  iron-nitrogen  single  crystals  in  the  temperature 
range  of  228  K - 273  K.  Aging  was  carried  out  at  a 
stress  level  only  sufficient  to  maintain  good  alignment 
of  the  specimen  (5%  of  the  yield  stress).  The  results 
that  were  obtained  indicate  that  aging  was  essentially 
complete  in  the  time  necessary  for  the  nitrogen  atoms 
to  undergo  a single  atom  jump. 

In  these  studies  it  appears  that  the  time 
dependence  of  the  Snoek  form  of  strain  aging  is  the 
same  as  that  of  the  Snoek  effect  as  monitored  by 
internal  friction  methods. 

Delobelle,  Oytana,  and  Varchon  [44]  studied 
Snoek  strain  aging  in  the  niobium-oxygen  system. 

Their  experimentally  measured  relaxation  times  at 
344  K,  371  K,  and  398  K indicate  that  the  kinetics 
of  the  Snoek  ordering  process  during  strain  aging 
occur  about  2.3  - 2.4  times  faster  than  is  predicted 
on  the  basis  of  the  diffusion  coefficients  measured 
in  a torsion  pendulum. 

Snoek  strain  aging  in  the  tantalum-oxygen 
and  iron-carbon-nitrogen  systems  were  also  studied 
by  Delobelle  and  Oytana  [45].  The  dependence  of  the 
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yield  point  return  on  time  in  the  tantalum- oxygen 
system  was  obtained  at  298  K,  333  K,  363  K,  and  393  K. 

A comparison  of  their  experimental  relaxation  times 
with  the  corresponding  torsion  pendulum  relaxation 
times  indicates  that  the  difference  between  the  two 
relaxation  times  increases  with  decreasing  testing 
temperature.  At  393  K,  the  internal  friction 
relaxation  time  is  2.7  times  longer  than  the 
experimentally  measured  value.  At  363  K,  333  X,  and 
298  K,  the  torsion  pendulum  relaxation  times  are, 
respectively,  3,  11.8,  and  7.5  times  longer  than  the 
experimentally  measured  relaxation  times.  The  decrease 
in  the  difference  between  the  experimental  and  calculated 
relaxation  times  observed  with  decreasing  test  temperature 
from  333  K to  298  K may  have  resulted  from  Delobelle  and 
Oy tana ' a delineation  of  the  Snoek  plateau,  since  there  is 
scatter  in  their  data.  Had  the  height  of  the  Snoek 
plateau  for  their  353  X specimens  been  chosen  at  Aa  = 1.65 
instead  of  1.45,  which  is  not  an  unreasonable  choice, 
the  corresponding  relaxation  time  would  be  80  seconds 
instead  of  50  seconds,  and  the  kinetics  would  appear  to 
proceed  only  7.4  times  faster  than  the  theory  predicts, 
instead  of  11.8  times  faster. 

Similarly,  for  the  iron-carbon-nitrogen 
system,  Delobelle  and  Oytana  show  a double  Snoek  plateau 
for  specimens  tested  at  273  K,  253  X and  243  X.  The 
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first  plateau  was  assumed  to  result  from  the  ordering  of 
nitrogen  atoms,  and  the  second  from  the  ordering  of 
carbon  atoms.  The  experimental  relaxation  times  observed 
at  63.2%  of  the  height  of  the  Snoek  plateau,  associated 
with  nitrogen  at  273  K,  253  K,  and  243  K,  are  respect- 
ively, 1.7,  3.9,  and  4.6  times  shorter  than  those 
calculated  from  diffusion  coefficients.  The  difference 
between  the  experimental  and  calculated  relaxation  times 
for  strain  aging  due  to  carbon,  however,  does  not  appear 
to  change  significantly  with  temperature.  In  fact, 
considering  the  degree  of  accuracy  with  which  one  can 
define  the  height  of  the  Snoek  plateau,  the  difference 
between  the  two  relaxation  times  is  probably  insignifi- 
cant . 


3 . 5 The  Stress  Dependence  of 
the  Yield  Point  Return 

The  first  investigations  of  the  stress 
dependence  of  the  yield  point  return  focused  on  the 
initial  yield  point  of  iron  as  discussed  in  section  3.1. 
There,  prestressing  was  performed  either  at  a single 
stress  level,  or  within  a narrow  range  of  stresses,  and 
the  results  were  then  compared  to  aging  under  zero 
stress . 

Hutchison  and  Louat  [49]  also  measured  the 
increase  in  the  initial  yield  stress  of  iron  after  pre- 
loading  below  the  yield  point  over  a somewhat  wider 
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range  of  stresses  between  55.2  MPa  and  110.4  MPa.  They 
determined  that  the  resulting  increase  in  the  yield 
stress  varied  linearly  with  the  preload  stress  level 
and  that  there  was  a preload  stress  below  which  no 
significant  increase  in  the  yield  point  occurred. 

Mura  and  Brittain  [50]  studied  the  effect  of 
the  application  of  stress  during  aging  on  the  yield 
point  return  of  ingot  iron.  They  aged  a set  of  specimens 
for  a constant  time  of  2800  seconds,  and  observed  the 
development  of  heterogeneous  yielding  as  the  aging 
stress  was  increased  from  0 - 212  MPa.  Their  results 
indicated  that  the  yield  point  became  more  fully 
developed ; that  is,  showed  more  of  the  characteristics 
of  both  an  upper  and  lower  yield  point  as  the  aging 
stress  was  raised. 

Mura,  Lautenschlager , and  Brittain  [51] 
studied  the  effect  of  aging  stress  on  iron  specimens 
prestrained  4%  at  303  K.  Aging  was  carried  out  at 
four  stress  levels  in  the  range  of  20.7  MPa  - 24.1  MPa, 
and  the  variation  of  the  yield  point  return  with  time  was 
monitored.  The  shapes  of  the  curves  that  they  obtained 
indicate  that  aging  was  carried  out  through  all  the 
stages  of  the  Cottrell  strain  aging  region,  including 
saturation.  Increasing  the  aging  stress  increased  the 
magnitude  of  the  yield  point  return  over  the  time 
interval  investigated. 
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Almond  and  Hull  [36]  investigated  the  effect 
of  applying  a tensile  stress  during  the  strain  aging 
of  iron,  niobium,  and  tantalum.  The  upper  yield  stress, 
lower  yield  stress,  yield  point  elongation,  and  flow 
stress  level  after  yielding  were  monitored  over  all  of 
the  Cottrell  strain  'aging  region  from  the  initial 
stages  through  saturation.  Each  metal  was  aged  at 
two  stress  levels  after  prestraining  51.  The  iron 
specimens  were  aged  at  305  K at  stress  levels  of  8% 
and  71%  of  the  prestrain  flow  stress.  Tantalum 
specimens  were  aged  at  433  K at  4%  and  711  of  the 
prestrain  flow  stress,  and  the  niobium  specimens 
were  aged  at  403  K at  7%  and  80%  of  the  prestrain  flow 
stress . 


The  maximum  upper  yield  stress  of  the  iron 
specimens  aged  at  the  higher  stress  level  was  22%  higher 
than  that  obtained  upon  aging  at  the  lower  stress  level. 
Similarly,  the  maximum  upper  yield  stresses  of  the 
niobium  and  tantalum  specimens,  aged  at  the  higher  stress 
level, were  37%  and  14%  higher,  respectively,  than  the 
values  obtained  on  aging  at  the  lower  stress  level.  The 
magnitude  of  the  lower  yield  stress  and  the  yield  point 
elongation  were  also  observed  to  increase  more  rapidly 
with  time  upon  aging  at  the  higher  stress  levels.  The 
aging  stress  level  was  not  observed  to  have  any  influence 
on  the  flow  stress  level  obtained  after  yielding. 
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The  most  extensive  study  of  the  dependence  of 
the  yield  point  return  on  aging  stress  in  BCC  metals 
was  performed  by  Duval  and  Dickson  [42].  Mild  steel 
was  aged  under  stress  by  unloading  to  the  desired  stress 
level  and  allowing  the  specimen  to  relax  for  the  desired 
aging  time.  The  aging  stress  was  taken  as  the  stress 
level  at  the  start  of  the  aging  period.  However,  the 
average  stress  level  during  aging,  upon  unloading  to 
stresses  above  701  of  the  prestrain  flow  stress,  should 
be  considerably  lower  than  that  at  the  beginning  of  the 
aging  period.  This  is  evident  upon  considering  that 
Duval  and  Dickson  defined  the  internal  stress  of  the 
specimens  during  aging  as  that  level  at  which  the  rate 
of  stress  relaxation  was  effectively  zero,  which  was  as 
low  as  701  of  the  prestrain  flow  stress. 

One  set  of  specimens  was  prestrained  2%,  6%, 
and  14%,  and  aged  at  266  K and  300  K for  30  seconds  at 
several  stress  levels.  Two  relationships  between  the 
magnitude  of  the  yield  point  return  and  the  aging  stress 
were  found.  For  specimens  aged  at  300  K after  pre- 
straining 6%,  the  magnitude  of  the  yield  point  return 
was  observed  to  initially  decrease  with  increasing 
aging  stress  to  40%  of  the  prestrain  stress.  Upon  aging 
at  stress  levels  greater  than  40%,  the  magnitude  of  the 
yield  point  return  increased  until  it  attained  a maximum 
value  at  60%  of  the  prestrain  flow  stress.  Aging  at 
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stress  levels  above  60%  of  the  prestrain  flow  stress 
caused  the  magnitude  of  the  yield  point  return  to  then 
decrease  until  a minimum  was  obtained  at  90%  of  the 
prestrain  flow  stress.  A further  increase  in  the  aging 
stress  caused  the  magnitude  of  the  yield  point  return 
to  increase  to  a value  at  100%  of  the  flow  stress, 
about  equal  to  that  obtained  at  60%  of  the  prestrain 
flow  stress.  Only  a minor  difference  was  observed 
in  the  manner  by  which  the  yield  point  return  varied 
with  aging  stress  when  the  specimens  were  prestrained 
2%  and  14%  instead  of  6%. 

On  the  other  hand,  for  specimens  aged  at  266  K, 
raising  the  aging  stress  increased  the  magnitude  of  the 
yield  point  return  up  to  a maximum  value  at  an  aging 
stress  level  approximately  70%  of  the  prestrain  flow 
stress.  A further  increase  in  aging  stress  up  to  80% 
of  the  prestrain  flow  stress  caused  the  yield  point 
return  to  decrease  and  a value  about  equal  to  that 
obtained  upon  aging  at  60%  of  the  prestrain  flow  stress 
was  found.  Upon  increasing  the  aging  stress  up  to 
100%  of  the  prestrain  flow  stress,  the  magnitude  of  the 
yield  point  return  continuously  increased.  At  this 
point  the  yield  point  return  was  about  equal  to  the 
maximum  value  obtained  upon  aging  at  70%  of  the  pre- 
strain flow  stress.  In  addition  to  aging  for  30  seconds 
at  each  of  these  temperatures,  Duval  and  Dickson 
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varied  the  aging  time.  Results  were  obtained  for  aging 
at  300  K for  10,  30,  120,  and  600  seconds.  Upon  aging 
for  30  seconds,  the  magnitude  of  the  yield  point  return 
decreased  continuously  with  increasing  aging  stress  to 
a minimum  value  at  100%  of  the  prestrain  flow  stress. 
The  effect  of  aging  for  30  seconds  yielded  similar 
results,  except  for  the  appearance  of  a slight  hump  in 
the  data  at  about  85%  of  the  prestrain  flow  stress. 

The  results  obtained  for  this  group  of  specimens  do  not 
compare  with  the  results  previously  described  for 
specimens  also  aged  for  50  seconds  at  300  K.  This  is 
probably  due  to  a difference  in  the  efficiency  of  their 
quench  since  batches  were  quenched  by  breaking  the 
annealing  tubes  in  water.  The  concentration  of  the 
solute  in  solid  solution  of  steel  is  very  sensitive 
to  the  efficiency  of  quenching  and  this  should  affect 
the  degree  of  aging  obtained. 

Upon  aging  for  longer  times,  the  effect  of 
raising  the  aging  stress  was  to  increase  the  magnitude 
of  the  yield  point  return  up  to  a maximum  value 
observed  at  85%  of  the  prestrain  flow  stress.  The 
effect  of  increasing  the  aging  time  from  120  to  600 
seconds  was  to  increase  the  height  of  the  observed  peak. 

These  results  were  interpreted  by  Duval  and 
Dickson  as  demonstrating  not  only  the  occurrence  of 
strain  aging,  but  also  the  presence  of  an  unloading 
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yield  point  and  a degree  of  relaxation  during  aging. 

At  the  lower  temperatures,  where  an  increase  in  aging 
stress  causes  the  magnitude  of  the  yield  point  return 
to  decrease,  the  unloading  yield  point  was  suggested 
to  be  the  primary  influence;  whereas  at  higher 
temperatures  and  longer  times,  strain  aging  was  assumed 
to  be  the  dominant  influence.  Upon  aging  at  the  higher 
temperature  for  a shorter  period  of  time,  a combination 
of  both  effects  was  observed.  In  addition,  Duval  and 
Dickson  claimed  that  the  maximum  yield  point  return  was 
obtained  at  a stress  level  they  called  the  internal 
stress,  where  the  rate  of  relaxation  was  observed  to  be 
zero,  since,  at  that  level,  a minimum  amount  of 
dislocation  motion  would  favor  pinning  of  the  dis- 
locations by  the  solute  atoms. 

While  the  focus  of  this  dissertation  is 
strain  aging  in  BCC  metals,  and  all  the  investigations 
reviewed  so  far  have  been  concerned  with  strain  aging 
in  BCC  metals,  some  of  the  strain  aging  investigations 
of  HCP  metals  are  of  interest  with  respect  to  the 
results  obtained  when  aging  was  performed  under  stress. 

In  HCP  metals  the  distortion  around  an 
interstitial  atom  in  an  octahedral  site  is  not 
sufficiently  asymetric  to  induce  Snoek  ordering  in 
the  stress  fields  of  the  dislocations.  Solute  atom 
pairs  are  then  commonly  invoked  to  explain  the  strain 
aging  effects  observed  in  these  metals. 
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Malik  and  Dickson  [52]  investigated  strain 
aging  in  the  titanium-oxygen  system.  Specimens  were 
aged  at  363  K,  405  K,  and  449  K,  at  stress  levels 
between  0 % and  100%  of  the  flow  stress  obtained  upon 
prestraining  8%.  The  effect  of  raising  the  aging  stress 
level  was  to  decrease  the  magnitude  of  the  yield  point 
return  down  to  a minimum  at  approximately  50%  of  the 
prestrain  flow  stress.  A further  increase  in  the 
aging  stress  caused  the  magnitude  of  the  yield  point 
return  to  then  increase,  with  the  degree  of  increase 
being  greater  at  higher  temperatures. 

In  addition,  a number  of  specimens  were 
aged  at  496  K.  An  increase  in  the  aging  stress  level 
was  accompanied  by  an  increase  in  the  magnitude  of  the 
yield  point  return  for  all  values  of  aging  stress.  A 
maximum  yield  point  return  was  obtained  at  100%  of  the 
prestrain  flow  stress.  The  greatest  increase  in  the 
yield  point  was  observed  between  20%  and  80%  of  the 
prestrain  flow  stress;  that  is,  S-shaped  curves  were 
obtained  for  plots  of  the  magnitude  of  the  yield 
point  return  versus  aging  stress. 

These  results  were  interpreted  by  Malik  and 
Dickson  as  indicating  that  the  unloading  yield  point 
was  the  predominant  mechanism  operating  when  the 
specimens  were  unloaded  to  zero  stress  levels.  The 
results  obtained  for  specimens  aged  at  low  temperatures 
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were  explained  on  the  basis  of  dislocation  rearrangements. 
They  pointed  out  that  due  to  the  large  degree  of  re- 
laxation which  occurred  during  aging  at  the  higher  stress 
levels,  the  dislocations  were  able  to  rearrange  them- 
selves into  low  energy  configurations  and  give  rise  to 
a yield  point  upon  reloading.  The  results  obtained  upon 
aging  at  higher  temperatures  were  interpreted  as  being 
indicative  of  strain  aging,  and  at  intermediate 
temperatures,  both  strain  aging  and  dislocation  re- 
arrangements were  assumed  to  play  a role. 

A similar  study  of  a zirconium-oxygen  alloy 
was  performed  by  Dickson  and  Sayar  [53].  The  experimental 
method  used  was  similar  to  that  used  by  Duval  and 
Dickson,  and  by  Malik  and  Dickson,  where  a large  degree 
of  relaxation  was  observed  during  aging  under  stress. 

Upon  aging  at  423  K - 493  K,  an  increase  in  the  aging 
stress  level  was  accompanied  by  a decreasing  magnitude 
of  the  yield  point  return  down  to  a minimum  at  60%  of 
the  prestrain  flow  stress.  Further  increases  in  the 
aging  stress  level  were  accompanied  by  an  increasing 
yield  point  return.  For  specimens  aged  at  573  K,  an 
increase  in  the  aging  stress  level  was  accompanied 
by  an  increase  in  the  magnitude  of  the  yield  point 
return  up  to  a maximum  at  80%  of  the  prestrain  flow 
stress.  Further  increases  in  the  aging  stress  level 
were  accompanied  by  a sharp  decrease  in  the  magnitude  of 
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the  yield  point  return.  Upon  aging  at  623  K,  the 
magnitude  of  the  yield  point  return  was  much  lower 
than  that  obtained  at  573  K at  almost  all  aging 
stress  levels.  The  effect  of  increasing  the  aging 
stress  level  was  to  continuously  increase  the 
magnitude  of  the  yield  point  return. 

These  results  were  all  obtained  upon  aging 
for  2 minutes.  After  aging  for  10  minutes,  similar 
results  were  obtained  with  the  exception  that  the 
aging  stress  level  corresponding  to  the  minimum  yield 
point  return  shifted  to  lower  values  as  the  temperature 
was  increased.  Also,  for  data  obtained  upon  aging 
at  623  K,  there  appeared  as  many  maxima  and  minima  in 
the  plot  of  the  yield  point  return  versus  aging 
stress,  as  there  were  data  points. 

The  mechanisms  suggested  to  explain  the 
results  were  similar  to  those  given  by  Malik  and 
Dickson,  in  that  the  unloading  yield  point  and  dis- 
location rearrangements  during  relaxation  predominate 
at  low  temperatures,  and  that  strain  aging  pre- 
dominates at  high  temperatures. 

Finally,  the  importance  of  the  effects  of 
recovery  on  the  strain  aging  process  was  illustrated 
in  a study  by  Kelly  and  Smith  [54]  on  a zirconium- 
oxygen  alloy.  Specimens  were  prestrained  and  unloaded 
to  a value  approximately  half  of  the  ultimate  tensile 
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strength.  The  variation  of  the  yield  point  return  with 
temperature  indicated  that  increasing  the  temperature 
from  523  K to  623  K decreased  the  strain  aging  response. 
These  results  were  interpreted  by  Kelly  and  Smith  as 
being  indicative  of  the  process  of  recovery,  since  TEM 
observation  revealed  a decrease  in  the  dislocation 
density  at  the  higher  temperature. 


CHAPTER  IV 
EXPERIMENTAL  METHOD 

4.1  Specimens 

Vanadium  rods  of  12.7  mm.  diameter,  99.9%  pure, 
and  tantalum  rods  of  6.35  mm.  diameter,  99.98%  pure,  were 
obtained  from  the  Materials  Research  Corporation.  The  rods 
were  swaged  to  a diameter  of  4. 75  mm.  and  cylindrical 
specimens  were  machined  having  dimensions  shown  in  Figure 
5a.  The  specimens  were  pickled  in  a bath  of  50:50  nitric 
acid  and  hydrofluoric  acid  to  remove  grease  due  to 
machining  and  handling,  and  an  oxide  layer  that  might 
diffuse  into  the  specimens  during  recrystallization.  The 
specimens  were  annealed  in  groups  of  eight  in  a Precision 
Scientific  MINIVAC  vacuum  annealing  furnace  under  a dynamic 
vacuum  of  10  ^ torr.  The  vanadium  specimens  were  annealed 
for  one  hour  at  1373  K to  give  a uniform  grain  size  of 
58  pm.  Tne  tantalum  specimens  were  annealed  for  one  hour 
at  1473  K to  yield  a uniform  grain  size  of  79  pm. 

Initial  plans  called  for  all  the  testing  to  be 
done  with  vanadium.  As  testing  proceeded,  and  the 
vanadium  stock  neared  depletion,  an  attempt  was  made  to 
obtain  another  lot  of  vanadium.  A heat  was  obtained  from 
the  Materials  Research  Corporation  that  gave  a smaller 
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Figure  5. 


Specimen  dimensions  used  in  this  investigation. 


All  dimensions  in  cm. 
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grain,  size  on  recrystallization  than  the  previous  heat 
under  the  same  annealing  conditions,  and  an  initial 
yield  stress  that  was  lower  than  that  of  the  previous 
heat.  Although  analysis  revealed  that  the  heat  con- 
tained more  oxygen  than  the  previous  heat,  no  yield 
point  return  was  obtained  even  upon  aging  at  higher 
temperatures  for  long  times.  Analysis  indicated  that 
the  heat  contained  7500  ppm  titanium.  Shikama, 

Ishino  and  Mishima  [55]  have  determined  that  titanium 
acts  as  a scavenger  of  oxygen  in  vanadium.  From  their 
data  it  was  determined  that  7500  ppm  titanium  is 
sufficient  to  remove  all  the  oxygen  present  from  so- 
lution . 

A small  amount  of  the  original  heat  in  the 
form  of  6.35  mm.  rods  was  then  obtained.  These  had 
previously  been  swaged  from  12.7  mm.  rods  and  charged 
with  various  amounts  of  hydrogen.  These  rods  were 
swaged  to  3.18  mm.  and  cylindrical  tensile  specimens 
were  machined  having  dimensions  shown  in  Figure  5b.  The 
specimens  were  annealed  at  1373  K to  give  a uniform 
grain  size  of  54  pm.  An  additional  soak  of  4 hours  at 
1023  K was  needed  to  remove  the  hydrogen  that  had  been 
charged  into  the  metal.  After  this  treatment,  the 
initial  yield  stress  and  the  work  hardening  rate  during 
deformation  matched  that  of  the  original  uncharged  heat 
and  the  hydrogen  was  considered  removed. 


4 . 2 Composition 


The  analyses  supplied  by  the  manufacturer  for 
the  two  lots  of  materials  that  were  used  are  given  in 
Table  I.  These  analyses  are  batch  analyses  which  the 
manufacturer  claimed  were  typical  of  the  lots,  and  are 
not  analyses  of  the  lots  themselves.  It  was  therefore 
necessary  to  obtain  an  independent  analysis  for  the 
interstitial  content  of  the  material  used.  Since  these 
metals  take  up  oxygen  readily  at  high  temperatures,  this 
analysis  was  obtained  after  recrystallization.  The 
interstitial  contents  are  given  in  Table  II. 

The  effect  of  hydrogen  on  the  measured  yield 
point  return  can  be  considered  negligible  since  the  dynam 
strain  aging  region  of  hydrogen  in  both  vanadium  and 
tantalum  occurs  at  a temperature  range  that  is  150  K - 
200  K below  the  testing  temperatures  used  [56].  The 
randomizing  effect  of  thermal  vibrations  at  the  test 
temperatures  is  therefore  assumed  sufficient  to  counter- 
act any  ordering  or  drift  tendency  by  the  hydrogen  atoms 
in  response  to  the  presence  of  dislocations. 

While  the  carbon  content  of  the  vanadium  that 
was  used  was  almost  as  great  as  the  oxygen  content,  and 
the  activation  energies  for  the  diffusion  of  these 
interstitials  in  vanadium  are  similar  [57] , the  solu- 
bility of  carbon  in  vanadium  at  the  test  temperatures 
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TABLE  I 


Materials  Research  Corporation  Batch 
Analysis  of 'Vanadium  and  Tantalum 


Vanadium 

Tantalum 

c 

15 

20 

0 

220 

65 

H 

6 

9 

N 

35 

30 

A1 

10 

<10 

Mg 

<10 

<10 

Ca 

<10 

10 

Ti 

<10 

<10 

Fe 

100 

25 

Cu 

<10 

<10 

Si 

400 

15 

Cr 

<30 

<30 

Ni 

10 

<10 

Mo 

<30 

<30 

Sn 

<30 

<30 

Sb 

<30 

Pb 

<30 

<30 

V 

rest 

. 24 

Zr 

10 

Nb 

<30 

Ag 

10 
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TABLE  II 


Analysis  of  Interstitial  Content 
of  Vanadium  and  Tantalum 


Composition  after 

Recrystallization* 

Vanadium 

Tantalum 

Oxygen 

132 

52 

Carbon 

124 

10 

Nitrogen 

38  3** 

12 

* Analyzed  by  Gollob  Analytical  Service 

**  Lot  analyzed  by  Materials  Research  Corporation 
before  recrystallization 
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employed  is  believed  to  be  extremely  low  [58] . 

Boratto  [59],  using  internal  friction  methods  to  measure 
interstitial  diffusivities  in  vanadium,  was  not  able  to 
obtain  a Snoek  peak  due  to  carbon,  even  though  a sufficient 
amount  of  carbon  was  present  in  the  material.  Since  Snoek 
peak  height  measurements  are  indicative  of  the  amount  of 
solute  present  in  solid  solution,  the  carbon  was  assumed 
to  be  tied  up  as  vanadium  carbides.  The  carbon  content  of 
the  vanadium  used  in  Boratto 's  study  was  approximately 
60  ppm.  It  is  therefore  assumed  that  the  carbon  content 
in  the  vanadium  used  in  this  investigation,  124  ppm,  did 
not  contribute  significantly  to  the  magnitude  of  the 
yield  point  return. 

The  nitrogen  content  in  the  vanadium  used  in  this 
investigation  can  be  assumed  to  be  sufficient  to  give  a 
sizeaole  yield  point  return  upon  strain  aging.  However, 
the  activation  energy  for  the  diffusion  of  nitrogen  in 
vanadium  is  considerably  greater  than  that  of  oxygen. 

A comparison  between  the  jump  times  of  a nitrogen  and  an 
oxygen  atom,  at  the  test  temperatures  which  were  used, 
is  made  in  Table  III.  Since  the  longest  aging  time  used 
m this  study  was  ten  hours,  it  is  apparent  that  nitrogen 
did  not  contribute  significantly  to  the  magnitude  of  the 
yield  point  return  obtained.  Strain  aging  of  vanadium, 
in  this  investigation,  can  therefore  be  assumed  to  be  due 
solely  to  the  presence  of  oxygen. 
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TABLE  III 


Jump  Times  of  Oxygen  and  Nitrogen 
in  Vanadium  and  Tantalum 


Vanadium* 

Temperature 

(K) 

Oxygen 

Nitrogen 

353 

68.6  min. 

28  weeks 

363 

21. 3 min. 

7 weeks 

373 

7 . 0 min . 

2 weeks 

Tantalum* 

Temperature 

(K) 

Oxygen 

Nitrogen 

368 

20.49  sec . 

452  weeks 

378 

7.89  sec . 

115  weeks 

388 

3.20  sec . 

31  weeks 

* Jump  times  were  calculated  using  diffusion  co- 
efficients determined  by  Borattto  [59] . 
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A similar  comparison  between  the  jump  times  of 
nitrogen  and  oxygen  in  tantalum  can  be  made.  Since  the 
longest  aging  time  used  during  the  strain  aging  study  of 
tantalum  in  this  investigation  was  120  minutes,  then,  on 
the  basis  of  the  information  provided  in  Table  III,  the 
influence'  of  nitrogen  can  be  assumed  to  have  been 
negligible.  The  activation  energy  for  the  diffusion  of 
carbon  in  tantalum  is  approximately  the  same  as  that  for 
nitrogen  [60].  Strain  aging  of  the  tantalum  used  in 
this  study  can  therefore  be  assumed  to  be  solely  due  to 
oxygen. 


4 . 3 Equipment 

Tensile  tests  were  performed  on  a floor  model 
C/D  INSTRON  Universal  Testing  Instrument.  The  specimens 
were  maintained  at  the  testing  temperature  during  pre- 
straining, aging,  and  restraining,  by  using  an  inverted 
tensile  fixture  suspended  in  an  agitated  silicone  oil 
bath.  During  the  test  period  the  oil  bath  was  maintained 
to  within  ± 1 K at  each  test  temperature. 

The  method  used  to  hold  the  stress  (load)  con- 
stant during  aging  differs  significantly  from  that  used  by 
other  investigators.  Figure  6 illustrates  the  primary 
difference.  In  the  technique  used  by  others  in  the  past, 
referred  to  here  as  the  relaxation  method,  the  specimen 
is  loaded  to  a desired  prestrain  and  the  Instron 


Figure  6. 


Comparison  between  the  relaxation 
present  method  of  applying  the  ag 
the  relaxation  method  the  stress 
with  time.  In  the  present  method 
held  to  within  <0.5%  of  the  aging 


method  and  the 
ing  stress.  In 
falls  continuous 
the  stress  can 
stress . 


iy 

be 
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Time 


crosshead  is  stopped  so  that  the  specimen  is  permitted  to 
relax  during  aging.  Alternatively,  the  specimen  may  be 
unloaded  from  the  flow  stress  to  a desired  aging  stress 
(load)  and  then  allowed  to  relax.  The  primary  short- 
coming of  this  method  is  that  the  stress  is  not  maintained 
at  a constant  level  but  falls  progressively  with  time. 

The  range  of  stress  levels  the  specimen  relaxes  through 
depends  on  the  material  used,  the  testing  temperature, 
prestrain  strain  rate,  and  the  stress  level  at  the 
beginning  of  relaxation.  Stress  relaxation  ranges  as 
large  as  50%  - 60%  of  the  flow  stress  level  at  the 
beginning  of  relaxation  have  been  reported  in  strain 
aging  studies  [53] . 

This  problem  has  been  largely  eliminated  in  the 
present  investigation  by  utilizing  an  electronically 
controlled  feedback  loop  between  the  Instron  strip  chart 
and  crosshead.  In  this  method,  a specimen  is  prestrained 
the  desired  amount  and  unloaded  to  a preset  aging  load. 
When  the  preset  aging  load  is  reached  the  crosshead 
automatically  begins  reloading  the  specimen  until  a 
preset  value  is  reached  which  is  only  about  2 lbs. 

(8.90  N)  higher  than  the  load  which  caused  the  crosshead 
to  begin  reloading.  The  crosshead  movement  then  stops 
until  the  specimen  has  relaxed  down  to  the  preset  aging 
load  and  the  cycle  is  repeated.  It  was  thus  possible  to 
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maintain  the  stress  (load)  level  constant  to  within  <0.51 
of  the  prestrain  flow  stress,  or  to  within  1%  of  the 
aging  stress. 

Another  advantage  of  the  method  used  was  that 
it  was  possible  to  measure  both  the  amount  of  strain  and 
the  strain  rate  during  aging.  This  may  be  understood  by 
referring  to  Figure  6 which  shows  the  shape  of  the  load- 
time relationship  during  aging.  In  a cycle  such  as 
defined  by  points  a,  b,  and  c,  the  specimen  deforms 
plastically  between  points  a and  b,  while  the  load  relaxes. 
The  machine  then  reloads  the  specimen  rapidly  between 
points  b and  c.  During  the  reloading  interval  between 
points  b and  c,  the  strain  can  be  considered  elastic. 

With  the  aid  of  measurements  of  the  magnitude  of  this 
load  increment,  and  with  the  aid  of  the  combined  spring 
constant  of  the  machine  and  specimen,  a calculation  of 
this  elastic  increment  of  strain  can  be  made. 

The  relationship  between  the  elastic  strain 
and  plastic  strain  portions  of  the  cycle  can  be  developed 
in  the  following  manner.  The  specimen  and  the  load  cell 
are  viewed  as  a spring  and  specimen  connected  in  series 
as  shown  in  Figure  7a.  When  the  crosshead  motion  is 
stopped,  the  total  extension  of  the  spring  and  specimen 
is  maintained  constant.  Relaxation  of  the  specimen  by 
plastic  deformation  results  in  a shortening  of  the  spring 
in  order  to  maintain  the  constant  extension,  as  shown  in 


Figure  7. 


Schematic  representation  of  specimen  and  testing 
machine  connected  in  series. 

(a)  Crosshead  stops  and  total  extension  remains 
constant . 

(b)  Specimen  relaxes  and  spring  shortens  to 
maintain  total  extension. 


70 


71 


Figure  7b.  This  shortening  of  the  spring  is  displayed 
by  the  load  cell  as  a drop  in  the  load.  Since, 

Aplastic  = ‘-'elastic  (4.1) 

where  <5p]_aspic  = L(cp]_)  and  ^elastic  = AP/K,  then 

L (epl)  = AP/K  (4.2) 

and  therefore, 

£pl  = AP/KL  (4.5) 

The  total  strain  for  the  complete  aging  period 
is  then  taken  equal  to  the  strain  per  load  drop  times  the 
number  of  load  drops.  The  strain  rate  at  any  time  during 
the  aging  can  be  evaluated  by  dividing  a strain  increment 
by  the  time  increment  required  to  relax  the  load. 

4 . 4 Test  Method 

The  testing  procedure  used  for  both  the 
vanadium  and  tantalum  specimens  was  similar,  and  can 
be  understood  by  referring  to  Figure  8. 

A specimen  was  deformed  past  the  initial 
yield  point  and  luders  band  into  the  region  of 
homogeneous  strain  to  a value  of  prestrain,  epre, 
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defined  as  the  difference  between  the  initial  upper  yield 
point  and  that  point  on  the  stress  - strain  curve.  Of,  where 
the  Instron  crosshead  was  stopped  prior  to  unloading. 

While  raw  load-time  data  were  recorded  autographically 
during  the  test,  these  were  converted  to  stress-strain 
data  by  utilizing  average  gage  section  diameter  and  gage 
section  length  measurements  that  had  been  made  on  an 
optical  comparator  prior  to  testing.  After  prestraining 
the  desired  amount,  the  specimen  was  then  unloaded  to 
the  desired  aging  stress,  aa,  which  is  normally  expressed 
in  this  investigation  as  some  fraction  of  the  flow  stress 
Of,  obtained  at  the  end  of  the  prestraining;  that  is,  the 
aging  stress  is  commonly  expressed  as  aa/af.  Upon  unload- 
ing the  specimen  to  the  aging  stress,  the  specimen  was 
then  aged  for  a period  of  time,  t,  which  began  when  the 
aging  stress  was  reached,  and  ended  when  reloading  was 
commenced.  At  the  end  of  the  aging  period  the  specimen 
was  reloaded  to  obtain  the  yield  point  return. 

Two  other  test  variables  were  the  testing 
temperature,  which  was  kept  constant  throughout  the 
entire  test  period,  and  the  prestrain  strain  rate,  which 
was  the  same  used  during  reloading. 

The  return  of  the  yield  point  was  measured  by 
the  extrapolation  method  shown  in  Figure  8.  In  this 
method,  the  yield  point  return,  Aa,  is  defined  as  the 
difference  between  the  upper  yield  point  and  the  point, 
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defined  as  the  difference  between  the  initial  upper  yield 
point  and  that  point  on  the  stress  - strain  curve,  Of,  where 
the  Instron  crosshead  was  stopped  prior  to  unloading. 

While  raw  load-time  data  were  recorded  autographically 
during  the  test,  these  were  converted  to  stress  - strain 
data  by  utilizing  average  gage  section  diameter  and  gage 
section  length  measurements  that  had  been  made  on  an 
optical  comparator  prior  to  testing.  After  prestraining 
the  desired  amount,  the  specimen  was  then  unloaded  to 
the  desired  aging  stress,  oa,  which  is  normally  expressed 
in  this  investigation  as  some  fraction  of  the  flow  stress 
o £ , obtained  at  the  end  of  the  prestraining;  that  is,  the 
aging  stress  is  commonly  expressed  as  oa/of.  Upon  unload- 
ing the  specimen  to  the  aging  stress,  the  specimen  was 
then  aged  for  a period  of  time,  t,  which  began  when  the 
aging  stress  was  reached,  and  ended  when  reloading  was 
commenced.  At  the  end  of  the  aging  period  the  specimen 
was  reloaded  to  obtain  the  yield  point  return. 

Two  other  test  variables  were  the  testing 
temperature,  which  was  kept  constant  throughout  the 
entire  test  period,  and  the  prestrain  strain  rate,  which 
was  the  same  used  during  reloading. 

The  return  of  the  yield  point  was  measured  by 
the  extrapolation  method  shown  in  Figure  8.  In  this 
method,  the  yield  point  return,  A a,  is  defined  as  the 
difference  between  the  upper  yield  point  and  the  point, 
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Of',  at  which  the  flow  curve  obtained  after  yielding 
extrapolates  back  to  the  elastic  portion  of  the 
stress  - strain  curve. 

The  extrapolation  method  was  used  since  it 
effectively  eliminates  from  consideration  the  work 
hardening  that  occurs  during  aging  under  stress.  This 
has  been  confirmed  by  estimating  the  amount  of  work 
hardening  during  aging  in  terms  of  the  strain  developed 
during  the  aging  period,  and  the  average  work  hardening 
rate  based  on  the  work  hardening  rate  before  and  after 
aging. 


CHAPTER  V 
RESULTS 


5 . 1 The  Effects  of  Stress  on  the 
Kinetics  of  Strain  Aging 

5.1.1  The  Effect  of  Aging  Stress  on  the  Kinetics  of 
Snoek  Strain  Aging  in  Vanadium 

Figure  9 shows  the  effect  of  aging  time  on 
the  magnitude  of  the  yield  point  return  for  specimens 
prestrained  91  at  a strain  rate  of  6.7  x 10’5s'1  and 
353  K.  Three  curves  are  shown  corresponding  to  speci- 
mens aged  at  27%,  50%,  and  92%  of  the  prestrain  flow 
stress . 

Each  curve  can  be  considered  to  consist  of 
5 portions  with  respect  to  the  time  of  aging.  Initially, 
the  magnitude  of  the  yield  point  return  increases  with 
time,  and  then  levels  off  in  a plateau  which  is 
associated  with  the  maximum  yield  point  return  obtainable 
by  the  Snoek  strain  aging  process.  The  increase  in 
yield  point  return  observed  at  later  aging  times  is 
associated  with  the  Cottrell  form  of  strain  aging.  It 
is  evident  that,  at  all  aging  times,  the  effect  of 
raising  the  level  of  the  aging  stress  is  to  increase 
the  magnitude  of  the  yield  point  return  obtained. 
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A portion  of  the  observed  yield  points  can 
be  assumed  to  arise  from  the  effect  of  unloading 
described  in  section  2.3.  An  assessment  of  the 
magnitude  of  this  effect  was  made  at  room  temperature 
where  strain  aging  effects  are  not  expected  to 
influence  the  yield 'point  obtained  after  reloading. 

A yield  point  return  of  1.03  MPa  was  obtained  upon 
unloading  to  0.270^  and  immediately  reloading. 
Similarly,  an  unloading  yield  point  return  of  0.65  MPa 
was  obtained  for  the  0.50a£  level.  Upon  unloading  to 
0.92o£  and  reloading,  no  yield  point  was  obtained. 

The  data  of  Figure  9,  corrected  for  this 
unloading  point  contribution,  are  shown  in  Figure 
10.  The  vertical  arrows  correspond  to  the  relaxation 
time  of  the  Snoek  strain  aging  process  at  each  stress 
level,  where  the  relaxation  time  is  that  required  for 
the  yield  point  return  to  reach  65.21  of  the  maximum 
value  indicated  by  the  dashed  line.  Figure  10 
demonstrates  that  the  time  needed  to  reach  the 
relaxation  time  does  not  change  as  the  aging  stress 
level  increases. 

5.1.2  The  Effects  of  Stress  on  the  Kinetics  of  Cottrell 
Strain  Aging  in  Tantalum 

Tantalum  specimens  were  prestrained  9% 

_ c _ i 

at  378  K using  a strain  rate  of  6.7  x 10  s x and  then 
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aged  for  25  minutes  at  a number  of  stress  levels  between 
20%O£  and  95%cj£.  The  variation  of  the  yield  point  return 
with  aging  stress  is  shown  in  Figure  11.  Here  it  is 
observed  that  the  effect  of  raising  the  aging  stress 
level  is  to  increase  the  magnitude  of  the  yield  point 
return  continuously  'up  to  a maximum  at  85%0£.  Upon  aging 
at  stress  levels  above  85%af,  the  magnitude  of  the  yield 
point  return  decreases  slightly.  The  yield  point  return 
obtained  by  aging  at  85la^  is  approximately  4 times 
greater  than  that  obtained  upon  aging  at  20 %<?£. 

Two  methods  were  used  to  determine  if  the 
aging  stress  level  had  any  effect  on  the  activation 
energy  of  Cottrell  strain  aging.  These  were  Hartley's 
and  the  Arrhenius  method,  described  in  section  2.4. 
Specimens  were  prestrained  9%  at  a strain  rate  of 
6.7  x 10  5s  at  368  K,  378  K,  and  388  K and  aged  at 
20%,  50%,  and  85%0£  between  5 and  120  minutes. 

The  results  are  plotted  according  to  Hartley's 

method  in  Figures  12-15.  In  Figures  12,  13,  and  14, 

representing  data  obtained  at  20%,  50%,  and  85%0£, 

respectively,  the  yield  point  increases  linearly  with 
2/3 

t at  each  of  the  test  temperatures.  The  activation 
energies  for  strain  aging,  at  each  stress  level,  were 
determined  as  follows:  First,  the  slopes  of  the  lines, 

S £ , were  obtained  by  applying  linear  regression  analysis 
to  the  data  in  Figures  12,  13,  and  14.  The  logarithm 
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of  the  product  where  T&  is  the  test  temperature, 

was  then  plotted  versus  1/Ta  as  shown  in  Figure  15. 

Thus,  each  line  in  Figure  15  represents  results  from 
each  of  the  three  aging  stress  levels.  The  activation 
energies  calculated  from  these  slopes  appear  in 
Table  IV: 

The  results  based  on  measurements  of  the  time 
to  attain  a fixed  value  of  A a/ o’  at  various  temperatures 
are  shown  in  Figures  16-21.  In  Figure  16  it  is  seen 
that  data  for  aging  at  20%O£  indicate  that  the  yield 
point  return  follows  an  approximately  linear  relationship 
with  time  at  all  three  test  temperatures.  The  logarithms 
of  the  times  for  the  yield  point  return  to  attain  the 
same  value  are  plotted  versus  the  reciprocal  of  the 
absolute  temperature  in  Figure  17.  The  activation  energy 
for  strain  aging  was  calculated  from  the  slope  of  the 
resulting  line  and  is  tabulated  in  Table  IV.  The 
activation  energies  for  strain  aging  of  specimens  aged 
at  SOI  and  85%0£  were  obtained  similarly  using  the  data 
in  Figures  18-21,  and  are  also  tabulated  in  Table  IV. 

5 . 2 The  Temperature  Dependence  of  the  Snoek  Form  of 
Strain  Aging  in  Vanadium 

The  temperature  dependence  of  the  Snoek  form 
of  strain  aging  is  shown  in  Figure  22.  In  this  diagram 
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TABLE  IV 


The  Effect  of  Aging  Stress  on  the 
Activation  Energy  of  Cottrell 
Strain  Aging  in  Tantalum 


Aging  Stress,  a 
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Arrhenius  Method 
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the  variation  of  the  yield  point  return  with  time  is 
shown  for  specimens  prestrained  9%  at  a strain  rate  of 
6.7  x 10_;)s  1 that  were  tested  at  two  temperatures, 

353  K and  363  K,  and  aged  at  two  stress  levels:  27 % and 
92%,  of  the  prestrain  flow  stress. 

: This  figure  reveals  that  raising  the  test 
temperature  increases  the  magnitude  of  the  yield  point 
return  over  the  entire  range  of  aging  time.  The 
maximum  extent  of  strain  aging  due  to  the  Snoek  mechanism 
at  363  K,  as  indicated  by  the  height  of  the  plateau 
region,  is  approximately  the  same,  or  only  slightly 
higher  than,  that  obtained  for  specimens  tested  at 
353  K.  This  is  true  for  both  stress  levels. 

It  is  also  observed  that  a shorter  aging 
period  is  needed  at  363  K to  obtain  the  same  magnitude 
of  yield  point  return  as  obtained  at  353  K.  For 
specimens  tested  at  363  K,  as  at  353  K,  an  increase  in 
the  aging  stress  level  has  no  effect  on  the  kinetics 
of  the  Snoek  strain  aging  process,  as  indicated  by 
the  time  required  for  the  onset  of  the  plateau  region 
at  both  stress  levels. 

Figure  23  shows  the  effect  of  test  temperature 
on  the  variation  of  the  yield  point  return  with  time  for 
specimens  that  were  annealed  at  a temperature  and  time 
too  low  for  complete  recrystallization  to  occur.  The 
specimens  were  tested  at  353  K and  363  K and  aged  at 
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921  of  the  prestrain  flow  stress.  In  contrast  to  the 
results  obtained  for  fully  recrystallized  specimens, 
raising  the  test  temperature  does  not  increase  the 
magnitude  of  the  yield  point  return  obtained  at  all 
aging  times.  For  example,  the  height  of  the  Snoek 
plateau  region  at  3&3  K is  lower  than  that  obtained 
at  353  K. 

Figure  24  shows  the  results  of  an  experiment 
performed  to  test  a hypothesis,  discussed  in  section 
6.2,  that  Snoek  dynamic  strain  aging  was  responsible 
for  observations  made  by  other  investigators  where  the 
Snoek  plateau  height  varied  as  1/T.  In  this  figure 
the  variation  of  the  yield  point  return  with  time  is 
shown  for  specimens  prestrained  various  amounts  at  a 
strain  rate  of  8.9  x lO^s'1  and  tested  at  393  K and 
403  K.  The  aging  times  utilized  at  these  temperatures 
correspond  to  the  end  of  the  Snoek  plateau  and  the 
beginning  of  the  Cottrell  aging  region.  At  the  time 
these  tests  were  made  only  a few  specimens  of  vanadium 
were  available  and  it  was  necessary  to  perform  more 
than  one  test  on  each  specimen.  One  group  of  specimens 
was  aged  at  a constant  stress  of  0.90a£.  Another 
group  was  permitted  to  relax  during  aging  by  merely 
stopping  the  crosshead  in  order  to  assess  how  much 
contribution  to  the  diminution  in  the  yield  point  is 
made  using  this  method.  In  addition,  specimens  were 
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aged  for  the  same  interval  of  time  after  different  pre- 
strains to  determine  the  effect  of  performing  several 
tests  on  one  specimen. 

The  solid  curves  in  Figure  24  represent  data 
obtained  by  aging  at  a constant  stress  level  of  0.90ar 
and  the  dashed  curves  represent  data  obtained  by  simply 
stopping  the  crosshead  and  allowing  the  specimen  to 
relax  during  aging.  The  data  points  shown  at  aging 
times  of  10  and  35  minutes  for  specimens  tested  at 
0.90o£  represent  various  amounts  of  prestrain.  The 
expected  level  of  the  Snoek  plateau  was  estimated  by 
assuming,  on  the  basis  of  data  shown  in  Figure  9, 
that  Snoek  strain  aging  at  353  K was  complete  between 
45  and  60  minutes.  Several  specimens  were  then  aged 
at  a stress  level  of  0.90o£  at  353  K for  times  between 
35  and  90  minutes  after  prestraining  9%  at  a rate  of 
8.9  x 10’^s'l.  The  height  of  the  Snoek  plateau  was  then 
taken  to  be  approximately  6.2  MPa,  as  indicated  in 
Figure  24  by  a dashed  straight  line. 

For  specimens  aged  at  the  constant  stress  level 
of  0.90o£,  it  is  observed  that  the  height  of  the  Snoek 
plateau  at  these  temperatures  is  less  than  half  that 
predicted  on  the  basis  of  data  obtained  at  the  lower 
temperature.  The  height  of  the  Snoek  plateau  obtained 
upon  using  the  relaxation  method  is  even  lower,  and  the 
magnitude  of  the  yield  point  return  approaches  zero  at 
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short  aging  times.  The  effect  of  varying  the  amount  of 
prestrain  is  seen  to  have  little  effect  on  the  magnitude 
of  the  yield  point  return  at  these  temperatures  and 
times . 


5 i 3 A Comparison  Between  the  Experimental 
and  Theoretical  Time  Dependence  of  the 
Snoek  Strain  Aging  Process 

The  experimental  results  of  Figure  25  (solid 
line)  show  the  time  dependence  of  the  yield  point  return 
for  specimens  aged  at  338  K and  50%  of  the  prestrain 
flow  stress  for  35  minutes.  These  data  have  been  correct- 
ed for  the  effect  of  the  unloading  yield  point;  that  is, 
the  magnitude  of  the  yield  point  obtained  at  room 
temperature  upon  unloading  to  50%a£  and  immediately  re- 
loading has  been  subtracted  from  the  yield  point 
measured  after  strain  aging. 

The  theoretically  predicted  time  dependence  of 
the  yield  point  return  (dashed  line)  was  calculated  by 
using  equation  2.2:A  a = Act  (max)  [1-  exp(-t/t  )],  with 
^Snax  = MPa,  the  maximum  yield  point  return  obtained 
experimentally,  and  a value  of  x , 18,094  seconds, 
based  on  the  diffusion  coefficient  of  oxygen  in  vanadium. 

The  experimentally  measured  relaxation  time 
corresponding  to  Snoek  ordering  at  this  temperature  was 
found  to  be  1,85C  seconds  where  xr  was  taken  as  the  time 
for  the  yield  point  return  to  reach  63.2%  of  its  maximum 
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value.  Comparison  of  this  value  with  the  value  of  rr 
used  in  the  above  calculation  shows  that,  at  this 
temperature,  the  Sncek  effect  occurs  approximately 
10  times  faster  during  strain  aging  than  predicted. 

A similar  analysis  of  the  data  obtained  by  aging  at 
353  K and  363  K indicated  that  the  relaxation  times 
corresponding  to  Snoek  aging  were  approximately  half 
those  predicted  on  the  basis  of  internal  friction 
diffusion  coefficients. 

5 . 4 The  Effect  of  Temperature,  Aging  Time, 

Prestrain,  and  Prestrain  Strain  Rate  on 
the  Stress  Dependence  of  the  Snoek  Form 
of  Strain  Aging  in  Vanadium 

It  was  observed  in  this  investigation  that 
the  specimens  deformed  at  a measurable  strain  rate  during 
aging  at  higher  stress  levels.  The  strain  rate  during 
aging  was  a maximum  when  aging  occurred  at  stress  levels 
approaching  the  prestrain  flow  stress,  and  decreased  as 
the  level  of  the  aging  stress  decreased.  Figure  26  shows 
that  for  aging  stress  levels  between  0.86<j£  and  0.98o£ 
the  average  strain  rate  over  a 35  minute  aging  period  at 
353  K follows  a power  law  with  respect  to  aging  stress. 
Thus,  for  example,  the  strain  rate  during  aging  at 
0.92a^  is  found  to  be  only  about  2 1/2  orders  of  magnitude 
slower  than  the  prestrain  strain  rate.  As  the  aging 
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rate  approaches  the  prestrain  flow  stress,  the  strain 
rate  approaches  the  prestrain  strain  rate. 

Figure  27  shows  the  variation  of  the  yield 
point  return  with  aging  stress,  with  the  aging  stress 
expressed  as  a percentage  of  the  prestrain  flow  stress. 
The  amount  of  prestrain,  prestrain  strain  rate,  and 
time  of  aging,  were  held  constant,  while  the  testing 
temperature  and  aging  stress  was  varied.  The  specimens 
were  prestrained  to  9%  at  a rate  of  6.7  x 10'5s_1  and 
aged  for  35  minutes  at  353  K,  363  K,  and  373  K.  In- 
spection of  the  data  reveals  that  raising  the  level  of 
the  aging  stress  from  27%  to  98%  of  the  prestrain  flow 
stress  causes  the  yield  point  return  to  increase  continu- 
ously up  to  a maximum  value  at  92%  of  the  prestrain  flow 
stress.  At  this  aging  stress  level,  the  magnitude  of  the 
yield  point  return  is  approximately  3 times  that  obtained 
at  the  lowest  stress  level  (27%).  Aging  at  stress  levels 
above  92%  of  the  prestrain  flow  stress  results  in  the 
magnitude  of  the  yield  point  return  dropping  off 
precipitously.  At  98%  of  the  flow  stress  it  approaches 
or  falls  below  the  value  obtained  upon  aging  at  27% 
of  the  flow  stress.  The  level  of  aging  stress  corre- 
sponding to  the  maximum  yield  point  return  did  not 
appear  to  shift  significantly  as  the  test  temperature 
was  varied  between  353  and  373  K.  It  can  also  be 


r3 

rH 

CD 

•H 


CD 


4-1 

O 

O 

CJ 

d 

0) 

-d  • 
d m 

<D  CD 

o.  +-* 

<D  3 
"d  d 


d s 

d 

(D  LO 

4 fd 

rsi 

44 

d dJ 

0 

CD 

CD  OO 

.d  d 

bO 

4-> 

• rH 

S 

d 3 
O -H 


•d 
CD  d 
4 d 

3 d 
+->  > 
d 

4 4 
<D  O 
0(4-1 

s 

cd  d 
+->  4 

3 

4-1  4-> 
O <D 

4 
4-> 

U 4-> 

<d  d 

44  -H 
4-1  O 

w o- 


35  minutes 


N-  to  m tr  ro  cvj 


Dd  1A|  ‘-0  V 


001 


125 

observed  that  the  effect  of  raising  the  test  temperature 
is  to  increase  the  magnitude  of  the  yield  point  return 
at  all  aging  stresses. 

A comparison  of  the  strain  rates  measured 
during  aging  at  the  higher  stress  levels  is  shown  in 
Figure  28;  for  all  three  temperatures.  The  data  are 
seen  to  fall  on  a single  line,  indicating  that  the 
strain  rate  corresponding  to  a particular  aging  stress 
level  is  the  same  for  all  three  temperatures. 

Figure  29  shows  the  variation  of  the  yield 
point  return  with  aging  stress  for  specimens  pres  trained 
9%  at  a rate  of  6.7  x 10'5s_1  and  aged  at  363  K.  The 
amount  of  prestrain,  prestrain  strain  rate,  and  temper- 
ature were  held  constant,  while  the  period  of  aging 
time  was  varied.  Results  are  given  for  specimens  aged 
35  minutes,  corresponding  to  a time  in  the  Snoek  strain 
aging  region  at  this  temperature;  and  for  120  minutes, 
which  corresponds  to  a time  in  the  Cottrell  strain 
aging  region.  This  figure  shows  that  at  both  120 
minutes  and  35  minutes  a maximum  yield  point  return  occurs 
for  aging  at  92%  of  the  prestrain  flow  stress.  The 
magnitude  of  the  maximum  at  120  minutes  is  about  4 1/2 
times  greater  than  at  27%af.  The  yield  point  return 
again  is  seen  to  drop  off  precipitously  at  aging  stress 
levels  above  92 
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In  all  of  the  previous  results  prestrain  was 
held  constant  at  9%.  In  Figure  30,  the  prestrain  has 
been  varied,  while  the  prestrain  strain  rate,  temperature, 
and  time  of  aging  have  been  held  constant.  The  solid 
line  shows  the  variation  of  the  yield  point  return  with 
aging  stress  for  specimens  prestrained  to  9%  at  a 
strain  rate  of  6.7  x 10'5s_1  and  aged  at  363  K for  35 
minutes.  Superimposed  on  this  curve  are  data  for  5 
specimens  prestrained  to  2.8%.  The  effect  of  pre- 
straining to  2.8%,  instead  of  9%,  apparently  does  not 
influence  the  manner  in  which  the  yield  point  return 
varies  with  aging  stress. 

Figures  31,  32,  and  33  show  the  effect  of 
prestrain  strain  rate  on  the  variation  of  the  yield 
point  return  with  aging  stress.  Specimens  were  pre- 
strained 9%  at  two  strain  rates:  8.9  x lO^s'1  and 

8.9  x 10  4s  4 and  aged  at  353  K for  35  minutes.  The 
results  that  were  obtained  are  plotted  in  3 different 
ways  . 

In  Figure  31  A a is  plotted  versus  %af. 

Note  that  for  aging  at  20%  of  the  prestrain  flow 
stress,  the  yield  point  return  for  the  specimen 
prestrained  at  a strain  rate  of  8.9  x 10'4s_1  is 
slightly  greater  than  that  obtained  at  a strain 
rate  an  order  of  magnitude  slower.  As  the  aging 
stress  is  increased,  the  magnitude  of  the  yield  point 
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return  obtained  at  the  higher  prestrain  strain  rate 
increases  until  a maximum  yield  point  return  is  obtained 
at  87.5%  of  the  prestrain  flow  stress.  Thus,  the  magni- 
tude of  the  yield  point  return  obtained  upon  prestraining 
at  the  higher  strain  rate  is  greater  than  that  obtained 
at  the  slower  strain  rate  for  all  aging  stresses  between 
20%  and  87.5%o£.  At  stress  levels  above  87.5%a£,  the 
magnitude  of  the  yield  point  return  obtained  at  the  higher 
strain  rate  decreases  while  the  magnitude  of  the  yield 
point  return  obtained  at  the  slower  strain  rate  continues 
to  increase  until  it  reaches  a maximum  of  92%a£. 

Since  the  flow  stress  corresponding  to  9%  pre- 
strain at  the  higher  strain  rate  was  greater  than  that 
obtained  at  the  slower  strain  rate,  the  magnitudes  of  the 
yield  point  returns  were  normalized  by  dividing  by  the 
prestrain  flow  stress  as  shown  in  Figure  32.  Here  it  is 
seen  that  the  manner  in  which  the  magnitude  of  the  yield 
point  return  varies  with  aging  stress,  at  the  two  strain 
rates,  does  not  appear  to  differ  significantly  from  that 
shown  in  Figure  31. 

Figure  33  shows  the  variation  of  the  yield  point 
return  with  aging  stress,  where  the  aging  stress  is 
expressed  in  terms  of  its  absolute  value,  rather  than  as 
a percentage  of  the  prestrain  flow  stress.  With  the  data 
presented  in  this  form,  we  see  that  a maximum  yield  point 
return  at  both  strain  rates  is  obtained  upon  aging  at 
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a stress  level  of  296  MPa.  The  yield  point  returns 
obtained  at  the  higher  strain  rate  are  also  seen  to  be 
slightly  greater  than  those  obtained  at  the  slower 
strain  rate  over  the  entire  aging  stress  range. 

A comparison  of  the  average  strain  rates 
measured  during  aging  at  the  higher  stress  levels  for 
specimens  from  both  of  the  prestrain  strain  rates 
is  shown  in  Figure  34.  The  arrows  indicate  the  aging 
stress  level,  at  which  the  maximum  yield  point  return 
was  observed  at  each  prestrain  strain  rate.  Note 
that  the  strain  rates  during  aging  are  approximately 
the  same  during  aging  at  the  stress  levels  corresponding 
to  maximum  aging.  This  can  be  seen  more  clearly  in 
Figure  35.  Here  the  logarithm  of  the  absolute  aging 
stress,  rather  than  the  logarithm  of  the  aging  stress 
expressed  as  a percentage  of  the  flow  stress,  is  plotted 
versus  the  logarithm  of  the  strain  rate  during  aging. 

While  it  was  seen  in  Figure  33  that  the  maximum 
yield  point  return  at  both  prestrain  strain  rates 
was  obtained  by  aging  at  the  same  absolute  stress  level, 
this  figure  shows  that  at  this  absolute  stress  level, 
indicated  by  the  arrow,  the  strain  rates  during  aging 
are  approximately  the  same. 
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CHAPTER  VI 
DISCUSSION 

6.1  The  Effect  of  Stress  on  the  Kinetics 
of  Sno'ek  Strain  Aging  in  Vanadium 

The  results  of  this  investigation  indicate 
clearly  that  within  the  limits  of  experimentation  the 
kinetics  of  Snoek  strain  aging  are  independent  of 
stress . 

The  time  dependence  of  Snoek  strain  aging 

as  shown  in  section  2.4  follows  an  approximate 

relationship  of  the  form  A a = A o [1-expft /x  ) 1 

max L r ' r 1 

where  Aamax  corresponds  to  the  maximum  yield  point 
return  obtained  by  the  Snoek  ordering  process.  The 
experimental  curves  deviate  to  some  extent  from  this 
relationship  because  of  rapid  ordering  of  the  inter- 
stitial atoms  close  to  the  dislocation,  as  will  be 
discussed  in  section  6.4.  However,  it  is  assumed  here 

that  Ao  can  still  be  approximately  related  to  Aa 

' max 

by  an  equation  of  this  form. 

The  data  of  Figure  9 in  Chapter  V indicate 

that  it  is  possible  to  delineate  Aa  in  terms  of  the 

max 

Snoek  plateau  with  some  degree  of  accuracy.  A parameter 
is  thus  available  for  comparison  of  the  kinetics  at  all 
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three  stress  levels.  This  parameter  is  the  relaxation 
time  x , defined  as  the  time  required  for  the  yield  point 
return  to  attain  63.2%  of  its  maximum  value.  Use  of  this 
parameter  assumes  that  the  yield  point  return  at  zero 
aging  time  is  zero.  However,  an  unloading  yield  point 
was  observed  upon  unloading  and  reloading.  It  was 
therefore  necessary  to  subtract  out  this  latter 
contribution  from  the  measured  yield  points.  Figure  10 
in  Chapter  V indicates  the  data  corrected  for  the  un- 
loading yield  point.  It  is  seen  that  the  relaxation 
times  that  were  then  obtained  did  not  shift  signi- 
ficantly with  increasing  aging  stress.  It  is  concluded 
that  the  kinetics  of  Snoek  strain  aging  are  independent 
of  aging  stress. 

6 . 2 The  Effect  of  Stress  on  the  Kinetics 
of  Cottrell  Strain  Aging  in  Tantalum 

6.2.1  Characterization  of  Cottrell  Strain  Aging  Kinetics 

The  term  kinetics  generally  refers  to  the  rate 
at  which  a process  occurs.  It  would  appear  that  an 
optimum  way  to  monitor  the  effect  of  stress  on  the 
kinetics  of  Cottrell  strain  aging  would  be  to  monitor 
the  isothermal  time  dependence  of  the  yield  point  return 
after  aging  at  various  stress  levels,  as  was  done  for 
the  case  of  Snoek  strain  aging.  Having  determined  the 
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dependence  of  the  yield  point  return  on  time  over  the 

entire  Cottrell  strain  aging  region,  some  parameter 

would  then  be  required  for  comparison  of  the  data 

obtained  at  each  stress  level.  The  method  of  using 

the  slope  of  straight  line  plots  of  Ao  versus  a power 

of  time  as  a parameter  may,  however,  lead  to  erroneous 

results.  As  indicated  in  section  5.1.2,  a straight 

line  was  obtained  for  the  same  Ao  data  plotted  versus 
2/3 

t as  well  as  when  plotted  versus  t. 

Characterization  of  the  Cottrell  strain 
a§i-nS  region  is  also  not  as  simple  as  for  Snoek  strain 
aging.  In  Snoek  strain  aging  only  a single  mechanism 
is  operative  over  the  entire  Snoek  region,  whereas 
Cottrell  strain  aging  is  complicated  by  saturation 
at  later  stages.  Therefore,  only  the  early  stages  of 
Cottrell  strain  aging,  where  a single  process  is  assumed 
to  be  operative,  was  monitored.  Strain  aging  in  this 
region  is  attributed  to  the  bulk  diffusion  of  the  solute 
through  the  lattice  to  the  dislocations.  Thus  strain 
aging  can  be  assumed  to  be  a thermally  activated  process 
which  can  be  expressed  empirically  in  terms  of  an 
Arrhenius  equation:  Rate  = A exp[-Q/RT].  The  activation 

energy,  Q,  thus  obtained  is  almost  universally  used  as  an 
indication  of  the  kinetics  of  the  process  measured. 
However,  it  should  be  pointed  out  that  temperature  is  not 
the  only  variable  that  affects  the  time  dependence  of  a 
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process  such  as  strain  aging.  As  may  be  seen  by  equation 
2.4  giving  the  time  dependence  of  Cottrell  strain  aging, 
the  initial  solute  concentration  is  also  an  important 
variable.  It  can  be  assumed,  however,  that  in  the  early 
stages  of  Cottrell  strain  aging  no  significant  depletion 
of  solute  occurs  in -the  matrix  and  that  the  kinetics 
will  depend  primarily  on  the  temperature.  The  activation 
energy  Q is  therefore  used  in  this  study  to  determine 
the  effect  of  aging  stress  on  the  kinetics  of  Cottrell 
strain  aging. 


6.2.2  Discussion  of  Results 

As  seen  in  Table  IV  of  section  5.1.2,  the 
activation  energy  obtained  at  each  stress  level  varied 
with  the  manner  in  which  the  data  were  analyzed. 

The  use  of  Hartley’s  method,  described  in 
section  2.4  indicated  that  increasing  the  aging  stress 
decreased  the  activation  energy.  However  there  are 
serious  problems  with  the  values  of  the  activation 
energies  that  were  obtained.  The  activation  energy  for 
aging  at  20%a_^  should  be  approximately  the  same  as  for 
aging  under  a stress-free  condition  and  correspond  to 
that  for  the  diffusion  of  oxygen  in  tantalum;  26,373 
cal/mole  [59].  Instead,  38,443  cal/mole  was  obtained. 
While  this  appears  to  agree  with  the  activation  energy 
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for  the  diffusion  of  nitrogen  in  tantalum  (37,849 
cal/mole),  Table  III  of  Chapter  IV  shows  that  the  time 
for  a nitrogen  atom  to  undergo  a single  jump  at  the 
highest  temperature  that  was  used  is  31  weeks.  There- 
fore, the  diffusion  of  nitrogen  cannot  be  responsible 
for  the  yield  points'  observed  in  this  study. 

The  activation  energies  obtained  by  using 
the  Arrhenius  method  of  analyzing  the  data  indicate 
that  there  is  no  significant  effect  of  aging  stress  on 
the  kinetics  of  Cottrell  strain  aging.  While  these 
values  are  lower  than  the  26,373  cal/mole  expected  for 
the  diffusion  of  oxygen  in  tantalum,  there  is  good 
agreement  between  the  activation  energies  determined 
by  both  the  Arrhenius  and  Hartley's  method  upon  aging 
at  85lo^. 

As  discussed  in  section  6.1,  an  important 
part  of  the  yield  point  return  is  due  to  the  unloading 
yield  point.  An  attempt  was  made  to  assess  the  size 
of  the  unloading  yield  point  in  a tantalum  specimen 
unloaded  to  20^0^  and  immediately  reloaded.  While  the 
flow  stress  level  after  reloading  was  significantly 
higher  than  that  prior  to  unloading,  no  lower  yield 
point  was  obtained.  It  was,  therefore,  not  possible  to 
accurately  measure  the  size  of  the  unloading  yield  point. 
However,  an  estimate  indicated  that  it  was  large  enough 
to  contribute  appreciably  to  the  yield  points  obtained 
after  aging. 


Since  the  size  of  the  unloading  yield  point 
should  increase  with  increasing  amount  of  unloading, 
the  data  obtained  upon  aging  at  the  lowest  stress  level 
should  have  been  affected  to  the  greatest  extent. 
Conversely,  the  most  accurate  data  should  be  those 
obtained ;by  aging  at  85 %0£,  where  agreement  between  the 
activation  energies  obtained  by  both  methods  is  good. 
These  values  of  activation  energy  also  agree  well  with 
the  value  of  activation  energy  obtained  by  Hartley  [32] 
in  an  investigation  of  Cottrell  strain  aging  of  the 
tantalum-oxygen  system  where  the  specimens  were  aged  in 
a stress-free  condition.  It  can  therefore  be  concluded 
that  the  effect  of  stress  on  the  activation  energy  for 
Cottrell  strain  aging  in  this  investigation  is 
insignificant. 

6.2.3  Discussion  of  Previous  Investigations 

The  purpose  of  this  section  is  to  illustrate 
how  the  methods  of  analysis  used  in  previous  investi- 
gations to  obtain  the  activation  energy  for  strain 
aging  may  lead  to  erroneous  interpretations. 

Thompson  and  Carlson  [61]  performed  yield 
point  return  measurements  in  the  vanadium-nitrogen 

system.  The  magnitudes  of  the  yield  points  obtained 

2/3 

were  plotted  versus  t 


in  accordance  with  the  time 
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dependence  of  the  yield  point  return  predicted  by 
Cottrell  and  Bilby.  Following  the  Arrhenius  method, 
the  logarithm  of  the  time  required  to  obtain  a 
particular  value  of  the  yield  point  return  was  plotted 
versus  1/T.  An  activation  energy  of  36.2  kcal/mole 
was  obtained.  This  'is  in  good  agreement  with  that  for 
diffusion  of  nitrogen  in  vanadium,  and  also  agrees  well 
with  dynamic  strain  aging  data  obtained  in  the  same 
investigation.  However,  a calculation  of  the  jump  times 
of  nitrogen  at  the  temperatures  that  were  used  indicates 
that  this  data  cannot  possibly  correspond  to  Cottrell 
strain  aging  data.  For  example,  the  longest  aging  time 
used  at  the  test  temperature  405  K was  about  85  minutes. 
The  jump  time  for  nitrogen  in  vanadium  at  this 
temperature  is  375  minutes. 

Thompson  and  Carlson  were  extremely  careful  to 
assure  that  the  oxygen  content  of  their  material  was  kept 
very  low.  Their  analysis  revealed  that  their  material 
contained  600  ppm  nitrogen  and  only  40  ppm  oxygen.  If  one 
eliminates  oxygen  as  being  responsible  for  the  observed 
yield  points,  then  the  only  possibility  that  is  left  is 
that  the  data  are  due  to  Snoek  strain  aging  rather  than 
Cottrell  strain  aging.  This  is  supported  by  the  fact 
that  Thompson  and  Carlson  report  that  the  magnitudes  of 
the  yield  points  obtained  were  independent  of  the  amount 
of  prestrain  and  that  no  strain  age  hardening  was 
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observed.  Both  observations  are  typical  of  Snoek  strain 

aging.  The  fact  that  Thompson  and  Carlson  were  able  to 

2/3 

obtain  a linear  plot  of  their  data  using  Aa  versus  t 
is  not  significant  because  the  dependence  of  A a on  a 2/3 
power  of  time  is  not  physically  meaningful  for  the  Snoek 
strain  aging  region.'  As  discussed  in  section  3.2, 
several  previous  investigators  [37,40,41]  applied  the 
Arrhenius  method  to  plots  of  their  Snoek  strain  aging 
data  versus  a 2/3  power  of  time  and  obtained  activation 
energies  considerably  lower  than  those  for  the  diffusion 
of  carbon  or  nitrogen  in  iron. 

This  illustrates  the  inherent  danger  of  drawing 
conclusions  based  on  straight  lines  drawn  through  plots 
of  strain  aging  data  versus  some  power  of  time.  In 
addition,  before  one  can  attribute  strain  aging  to 
diffusion  of  a particular  atomic  specie  on  the  basis  of 
an  activation  energy,  one  should  calculate  whether  the 
jump  time  of  that  atomic  specie  is  consistent  with  the 
aging  time  employed. 

The  activation  energy  obtained  from  analysis 
of  strain  aging  data  is  usually  assumed  to  correspond  to 
the  diffusion  of  an  atomic  specie  in  the  solvent  metal. 
This  is  based  on  the  assumption  that  diffusion  is  the 
rate  controlling  process.  However,  an  example  can  be 
given  where  this  is  probably  not  the  case.  This  example 
relates  to  the  activation  energies  obtained  by  Brittain 


153 


and  Bronisz  [35]  discussed  in  section  3.2  which  were 
about  half  those  corresponding  to  the  diffusion  of 
carbon  or  nitrogen  in  iron. 

If  the  solubility  of  a solute  in  the  metal 
is  low,  then  the  capacity  for  strain  aging  can  be 
quickly  exhausted.  -However,  dissolution  of  a precipi- 
tate can  act  as  a source  of  solute  and  strain  aging  can 
continue.  In  an  iron-carbon  alloy,  such  as  steel,  there 
can  be  two  energy- requiring  steps  occurring  in  a series 
sequence.  These  are:  first,  dissolution  of  the  carbon 
from  carbides  into  solution;  and,  second,  the  migration 
of  the  carbon  to  the  dislocations.  Since  this  constitutes 
a series  sequence,  the  activation  energy  that  will  be  seen 
is  that  of  the  slowest  step.  Almond  and  Hull  [36]  believe 
the  low  activation  energy  observed  by  Brittain  and  Bronisz 
[35]  for  the  strain  aging  of  an  iron-carbon  alloy  is  due 
to  this  effect.  Their  interpretation  was  based  on  a 
comparison  of  the  activation  energy  obtained  by  Brittain 
and  Bronisz  with  the  energy  of  formation  of  Fe^C. 

They  postulated  that  the  rate  of  return  of  the  yield 
point  was  controlled  by  dissolution  of  carbide  particles 
which  had  become  unstable,  either  due  to  the  applied 
stress  during  aging,  or  when  the  dislocation  density  was 
increased  during  prestraining.  This  is  a reasonable 
explanation  since  Brittain  and  Bronisz'  specimens  were 
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slowly  cooled  after  carburization  and  the  carbon  content 
in  solid  solution  should  have  been  very  low. 

This  example  illustrates  that  one  may  not  be 
able  to  attribute  strain  aging  to  diffusion  of  a particular 
atomic  specie  on  the  basis  of  an  activation  energy  if 
more  than'  one  thermally  activated  process  is  operating 
during  strain  aging. 

6 . 3 The  Temperature  Dependence  of 
Snoek  "Strain  Aging 

6.3.1  Comparison  with  Previous  Investigations 

The  results  shown  in  Figure  22,  section  5.2., 
indicate  that  the  height  of  the  Snoek  plateau  is 
essentially  independent  of  test  temperature.  These 
results  support  the  conclusions  of  Schoek  and  Seeger's 
[16]  treatment  of  the  Snoek  ordering  of  interstitial 
atoms  around  a dislocation,  which  predict  that  the 
stress  required  to  separate  a dislocation  from  its 
ordered  atmosphere  is  independent  of  temperature. 

Whereas,  the  results  of  this  investigation 
for  Snoek  strain  aging  of  vanadium  are  in  accord  with 
Schoek  and  Seeger's  theoretical  treatment,  previous 
experimental  investigations  discussed  in  section  3.3 
indicated  that  the  height  of  the  Snoek  plateau  appears 
to  decrease  with  increasing  temperature. 
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Further  consideration  of  these  investigations, 
and  the  results  of  Figure  23,  section  5.2,  revealed  that 
there  are  three  possible  causes  for  this  discrepancy. 
These  may  involve  a difference  in  the  dislocation 
densities  of  the  materials  that  were  used,  a difference 
in  the  degree  of  relaxation  occurring  during  aging,  and 
a difference  in  the  amount  of  dynamic  strain  aging 
occurring  during  prestraining  and  reloading. 

6.3.2  Differences  in  Dislocation  Densities  of  the 
Materials  used  for  Experimentation 

The  results  shown  in  Figure  23,  section  5.2, 
do  show  a rough  inverse  temperature  relationship  for 
the  Snoek  plateau  height.  These  data  were  obtained 
from  identical  tests  performed  on  specimens  of  the 
same  composition  as  those  used  for  Figure  22,  except 
for  the  fact  that  the  former  specimens  were  not 
completely  recrystallized.  These  specimens  should  have 
had  a higher  dislocation  density  than  the  completely 
recrystallized  specimens.  One  might  expect  that  a very 
large  dislocation  density  would  result  in  overlapping 
of  the  strain  fields  of  dislocations  thereby  reducing 
the  driving  force  for  reordering.  Alternatively,  an 
unrecrys tallized  high  dislocation  density  structure 
should  be  more  subject  to  dynamic  annealing,  and  this 
could  also  reduce  the  strain  energy  of  the  lattice. 
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However,  this  may  not  explain  the  results  in 
Figure  23,  since  the  dislocation  density  should  be 
approximately  the  same  at  both  temperatures.  However, 
it  does  suggest  that  the  method  used  by  some  investi- 
gators where  many  tests  at  increasing  values  of  prestrain 
are  performed  on  the  same  specimen  could  result  in  a 
diminution  of  the  yield  point  return  at  large  prestrains. 

This  method  was  used  in  some  of  the  previous 
investigations  discussed  in  section  3.3,  where  the  Snoek 
plateau  height  decreased  as  the  test  temperature  increased. 

Nakada  and  Keh  [43]  used  this  form  of  testing 
on  an  iron-nitrogen  alloy  and  found  that  aging  for  the 
same  amount  of  time  after  different  amounts  of  prestrain 
did  not  affect  the  yield  point  return.  However,  their 
results  were  obtained  at  a temperature  that  was  not  in  the 
range  where  the  Snoek  plateau  height  was  observed  to 
decrease  with  increasing  temperature.  Evans  and 
Douthwaite  [62]  also  studied  Snoek  strain  aging  of  an 
iron-nitrogen  alloy  at  a temperature  where  Nakada  and 
Keh  did  observe  a decrease  in  the  Snoek  plateau  height. 

They  found  that  the  yield  point  return  increased  slightly 
with  increasing  prestrain  up  to  4%  and  then  remained 
constant  thereafter.  Wilson  and  Russell  [17]  found  that 
prestrain  had  only  a weak  effect  on  the  yield  point 
return  of  low  carbon  steel. 

In  contrast,  Delobelle,  Oytana  and  Varchon 
[44]  found  that  Snoek  strain  aging  of  niobium  did 
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depend  on  the  amount  of  prestrain.  While  increasing  the 
degree  of  prestrain  was  observed  to  reduce  the  magnitude 
of  the  yield  point  return,  the  effect  was  not  large  enough 
to  account  for  their  decreasing  Snoek  plateau  height  with 
increasing  temperature. 

It  is  therefore  concluded  that  a difference  in 
dislocation  density  of  the  materials  used  by  previous 
investigators  was  not  responsible  for  the  decrease  in 
the  Snoek  plateau  height  with  increasing  temperature. 

6.3.3  Difference  in  Degree  of  Relaxation  occurring 
during  Aging 

The  second  possibility  is  that  the  method  of 

allowing  the  specimen  to  relax  during  aging  could  be 

responsible  for  observations  by  previous  investigators 

that  the  Snoek  plateau  height  decreases  with  increasing 

temperature.  In  this  case,  a large  degree  of  aging  may 

occur  at  a very  high  stress,  and  if  as  a result  many  of 

the  dislocations  move  at  a velocity  too  great  for  order- 

ing  of  the  interstitials  to  occur,  a reduced  yield  point 

would  be  obtained.  Thus,  Delobelle  and  Oytana  [45],  and 

Delobelle  et  al  [44],  who  showed  a drop  in  Ao  with 

max 

increasing  test  temperature  evidently  merely  stopped  the 
test  machine  crosshead  for  the  desired  interval  of  time, 
since  yield  points  were  obtained  for  aging  for  times 
less  than  10  seconds.  Nekada  and  Keh  [43]  also  used  this 


158 


method  to  obtain  data  for  aging  times  less  than  120 
seconds,  but  almost  completely  unloaded  their  specimens 
for  longer  times.  However,  in  the  temperature  range 
where  the  Snoek  plateau  height  decreased  with  increasing 
temperature,  their  data  involved  aging  times  as  long  as 
500  seconds. 

In  conclusion,  it  appears  that  while  relaxation 
of  the  specimens  may  cause  some  of  the  observed  effects, 
it  is  probably  not  the  primary  cause. 

6.3.4  Difference  in  amount  of  Dynamic  Strain  Aging 
occurring  during  Prestraining  and  Reloading 

In  this  section  it  will  first  be  shown  that 
serrated  stress-strain  curves,  a manifestation  of 
dynamic  strain  aging,  have  been  observed  in  iron  alloys 
in  the  temperature  range  where  the  Snoek  plateau  height 
was  observed  by  previous  investigators  to  decrease  with 
increasing  temperature.  The  ratio  e/D  will  then  be 
introduced  to  characterize  the  range  of  strain  rates  and 
corresponding  temperatures  where  dynamic  strain  aging 
is  expected  to  occur.  A comparison  will  be  made  of  the 
ranges  of  e/D  ratios  corresponding  to  the  occurrence,  of 
Snoek  dynamic  strain  aging  in  several  alloy  systems 
with  the  ranges  of  e/D  ratios  corresponding  to  the 
prestrain  and  reloading  conditions  in  experiments  where 
the  Snoek  plateau  height  decreased  with  increasing 
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temperature.  On  the  basis  of  this  comparison,  it  will 
be  hypothesized  that  Snoek  dynamic  strain  aging  during 
prestraining  and  reloading  is  responsible  for  the 
decrease  in  Snoek  plateau  height  with  increasing 
temperature.  A test  that  was  made  of  this  hypothesis 
will  be  discussed,  and  an  explanation  for  the  decrease 
in  the  Snoek  plateau  height  with  increasing  temper- 
ature will  be  offered  on  the  basis  of  Snoek  dynamic 
strain  aging. 

Observations  of  serrations  in  iron  alloys  near  room 
temperature . 

One  is  led  to  suspect  that  dynamic  strain 
aging  is  related  to  the  drop  in  the  Snoek  plateau 
height  with  increasing  temperature  because  the  inverse 
relation  between  the  Snoek  plateau  height  and 
temperature  in  Nakada  and  Keh's  study  was  observed  to 
occur  only  above  248  K,  or  in  a temperature  range  where 
the  other  investigators  have  noted  serrated  stress- 
strain  curves. 

Evans  and  Douthwaite  [62]  observed  serrations 

in  stress - s train  curves  of  a polycrystalline  iron- 

nitrogen  alloy  at  252  K over  a narrow  strain  rate 

“6~1  _ & - 1 

interval  between  6 x 10  s and  9 x 10  s and 
attributed  them  to  Snoek  ordering.  Wilson  and  Russell 
[17]  also  observed  irregularities  in  stress-strain 
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curves  obtained  at  293  K at  low  strain  rates.  They 
described  these  irregularities  as  repeated  yielding  to 
distinguish  them  from  the  "jerky"  flow  associated  with 
Cottrell  dynamic  strain  aging  normally  observed  at 
higher  temperatures.  They  also  interpreted  this 
repeated  yielding  as  being  due  to  Snoek  ordering  of 
carbon  in  the  iron. 

Bratina,  McGrath  and  Mills  [63]  observed 
repeated  yielding  in  an  iron-carbon  alloy  at  268  K 
and  298  K.  These  serrations,  attributed  to  Snoek 
dynamic  strain  aging,  were  eliminated  from  the  stress- 
strain  curves  when  the  strain  rate  was  increased  by  two 
orders  of  magnitude.  Bratina  et  al.  also  observed 
that  repeated  yielding  was  a function  of  the  amount  of 
carbon  in  solid  solution.  The  stress-strain  curves  of 
specimens  containing  the  largest  amount  of  carbon  in 
solution  showed  the  largest  serrations  and  the  greatest 
work  hardening  rate.  The  stress-strain  curves  of 
specimens  with  a lower  concentration  of  dissolved  carbon 
content  showed  a smooth  region  of  low  work  hardening. 
This  observation  is  in  agreement  with  that  of  Wilson  and 
Russell  [17],  who  also  observed  that  serrated  yielding 
due  to  Snoek  dynamic  strain  aging  only  occurred  when  the 
dissolved  solute  content  exceeded  several  hundredths  of 


an  atomic  percent. 
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The  possibility  of  dynamic  strain  aging  due 
to  Snoek  ordering  in  iron  near  room  temperature  was 
postulated  by  Schoek  and  Seeger  [16],  and  is  apparently 
confirmed  by  the  above  investigations.  The  dependence 
of  the  effect  of  temperature  and  strain  rate  on  the 
occurrence  of  serrations,  noted  in  these  studies,  is 
in  accord  with  accepted  theories  of  dynamic  strain 
aging.  In  addition,  it  appears  that  the  initial  amount 
of  solute  in  solution  is  important  in  order  to  enable 
observation  of  serrations  due  to  Snoek  dynamic  strain 
aging. 

It  is  concluded  that  Snoek  dynamic  strain 
aging  does  occur  in  iron  alloys  in  the  temperature 
range  where  the  Snoek  plateau  height  has  been  observed 
to  decrease  with  increasing  temperature. 

The  ratio  e/D. 

• 

The  ratio  e/D  will  now  be  introduced  to 
characterize  the  range  of  strain  rates  and  corresponding 
temperatures  where  Snoek  dynamic  strain  aging  is  expected 
to  occur. 

Cottrell  [64]  related  the  strain  rate  and 
temperature  corresponding  to  the  onset  of  serrations 
due  to  Cottrell  dynamic  strain  aging  by  an  equation  of 
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the  form 

£ = C exp  (-Q/RT)  = KD  (6.1) 

where  C and  K are  constants,  and  D is  the  diffusion 

coefficient  of  the  atomic  specie  responsible  for 

strain  aging.  After  evaluating  data  obtained  by 

Manjoine  [65]  to  determine  the  relationship  between 

the  temperature  and  strain  rate  for  the  onset  of 

q 

serrations,  he  found  a value  for  K of  10  , that  is 

• q 

e/D  = 10. 

Evans  and  Douthwaite  [62]  calculated  the 
strain  rate  corresponding  to  the  maximum  drag  force 
exerted  on  a moving  dislocation  by  Snoek  ordering. 
They  compared  this  with  a similar  calculation  for  the 
maximum  drag  force  exerted  by  a Cottrell  atmosphere 
and  determined  that  Snoek  ordering  should  occur  at  a 
strain  rate  three  orders  of  magnitude  faster. 

These  calculations  are  supported  by  Elam's 
[66]  observations  of  serrations  obtained  by  deforming 
Armco  iron  and  steel  at  room  temperature.  Serrations 
were  observed  when  the  Armco  iron  was  strained  at  a 
rate  three  orders  of  magnitude  faster  than  the  steel. 
One  can  assume  that  nitrogen  is  the  interstitial 
specie  responsible  for  strain  aging  in  these  alloys, 
since  the  specimens  were  not  quenched  and  the  carbon 
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content  should  therefore  be  very  low.  A calculation  of 

the  ratio  e/D  for  the  two  alloys  indicates  a e/D  for  the 

Snoek  serrations  in  the  Armco  iron  of  5.12  x 1012  and 

a e/D  for  the  Cottrell  serrations  in  steel  of  4.35  x 109. 

In  an  investigation  performed  by  Keh,  Nekada 

and  Leslie  [67],  where  the  temperature  and  strain  rate 

for  the  onset  of  serrations  were  studied  in  two  lots  of 

steel,  serrations  were  observed  over  two  different 

temperature  ranges  in  the  two  steels.  These  ranges 

at  a given  strain  rate  were  separated  by  about  75°. 

A calculation  of  the  ratio  e/D  for  the  two  lots  of 

steel  indicates  that  the  e/D  for  the  steel  of  the  higher 

1 3 

carbon  content  falls  in  the  range  of  5.56  x 10  to 

14 

1.92  x 10  , and  the  e/D  for  the  steel  of  the  lower 

carbon  content  falls  in  the  range  2.44  x 1010  to 

7.73  x 10'*’9.  It  would  appear  therefore  that  the 

higher  carbon  content  steel  with  the  higher  e/D  values 

corresponds  to  serrations  resulting  from  Snoek  dynamic 

strain  aging.  The  serrations  in  the  other  material 

would  then  be  caused  by  Cottrell  dynamic  strain  aging. 

A study  by  Bradford  and  Carlson  [68]  on 

dynamic  strain  aging  in  the  vanadium  -oxygen  system 

is  also  interesting  because  serrations  were  observed 

over  two  different  temperature  ranges  at  the  same 

strain  rate.  The  specimens  were  deformed  at  a strain 

-4  -1 

rate  of  1.67  x 10  s between  room  temperature 
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and  773  K.  Five  alloy  compositions  were  used  containing 
47,  150,  265,  955,  and  1800  ppm.  For  specimens  contain- 
ing 47,  150,  and  265  ppm  serrations  were  observed  between 
623  K and  723.  The  specimens  containing  955  and  1800  ppm 
showed  serrations  in  the  temperature  range  423  K to  448  K, 
with  the  largest  serrations  being  observed  for  specimens 
containing  1800  ppm.  Specimens  containing  47,  150,  and 
265  ppm  showed  no  serrations  in  this  temperature  range. 

Bradford  and  Carlson  interpreted  the  high 

temperature  serrations  as  being  due  to  Cottrell  dynamic 

9 

strain  aging  upon  solving  Cottrell's  equation  e - 10  D 

for  their  data,  which  gave  reasonable  agreement.  They 

were  not  able  to  explain  what  mechanism  was  responsible 

for  the  low  temperature  serrations. 

If  one  solves  for  the  ratio  s/D  corresponding 

to  the  low  temperature  serrations,  one  obtains  a value 

12  14 

of  c/D  in  the  range  of  3.11  x 10  to  2.3  x 10  with 
* 13 

a value  of  c/D  = 1.54  x 10  corresponding  to  the  maximum 
height  of  the  serrations  observed.  On  the  basis  of  these 
values,  these  serrations  can  be  interpreted  as  due  to 
Snoek  dynamic  strain  aging.  The  dependence  of  dissolved 
solute  content  on  the  appearance  of  the  serrations  also 
supports  this  conclusion.  Baird  [69]  in  a review  article 
on  strain  aging  also  suggests  that  these  low  temperature 
serrations  are  due  to  Snoek  dynamic  strain  aging. 
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To  summarize,  it  has  been  shown  that  both 
Snoek  and  Cottrell  dynamic  strain  aging  have  been 
observed  experimentally.  It  is  possible  to  distinguish 

between  these  forms  of  dynamic  strain  aging  by  calcu- 

• • 

lating  the  ratio  £/D.  The  ratio  e/D  for  Snoek  dynamic 
strain  aging  is  generally  about  three  orders  of  magnitude 
greater  than  for  Cottrell  dynamic  strain  aging.  However, 
the  interstitial  content  is  also  important.  A high 
interstitial  content  is  necessary  for  the  observation  of 
serrations  due  to  Snoek  dynamic  strain  aging.  This  does 
not  preclude  the  occurrence  of  Snoek  dynamic  strain 
aging  at  lower  concentrations;  it  merely  means  that  a 
higher  concentration  is  necessary  to  observe  serrations. 

• 

A comparison  between  Snoek  dynamic  strain  aging  e/D 
ratios  with  yield  point  return  test  e/D  ratios? 

We  can  now  return  to  the  problem  of  relating 
the  drop  off  of  the  Snoek  plateau  height  with  increasing 
temperature,  observed  by  previous  investigators,  to  the 
occurrence  of  dynamic  strain  aging. 

A comparison  is  made  in  Figure  36  between  the 
ranges  of  e/D  ratios  calculated  for  observations  of 
Snoek  dynamic  strain  aging  with  the  ranges  of  e /D  ratios 
calculated  on  the  basis  of  the  prestrain  strain  rates 
and  temperatures  used  in  those  investigations  where  the 
Snoek  plateau  height  decreased  with  increasing 
temperature.  The  unhatched  bars  correspond  to  e/D  ranges 
where  the  Snoek  plateau  height  decreased  with  increasing 
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temperature.  The  hatched  bars  and  arrows  correspond 

to  e/D  ranges  where  Snoek  dynamic  strain  aging  has  been 

observed.  The  corresponding  alloy  systems  and 

references  appear  next  to  each  bar.  The  e/D  ratios  for 

the  vanadium,  niobium,  and  tantalum  systems  were 

calculated  using  the  diffusion  coefficients  for  oxygen 

in  these  metals  as  determined  by  Boratto  [59],  Wert's 

[38,59]  diffusion  coefficients  for  nitrogen  and  carbon 

in  iron  were  used  to  calculate  the  e/D  ratios  in  the 

iron  systems.  Some  variation  in  e/D  should  be  expected 

due  to  varying  interstitial  concentrations  and  because 

of  the  differences  in  the  constants  relating  e and  D 

for  the  different  alloy  systems.  However,  a comparison 

of  the  results  indicates  that  the  same  range  of  e/D 

12  14 

ratios,  about  10  - 10  , is  obtained  for  Snoek  dynamic 

strain  aging  as  for  the  prestrain  strain  rates  and 
temperatures  used  in  investigations  where  the  Snoek 
plateau  height  decreased  with  increasing  temperature. 

It  is  considered  significant  that  higher 

* . 15  15 

e/D  ratios  of  2.2  x 10  - 7.10  x 10  correspond  to 

the  results  of  this  investigation.  For  these  data, 
shown  in  Figure  22,  section  5.2,  the  Snoek  plateau 
height  was  found  to  be  independent  of  temperature. 

It  is  therefore  hypothesized  that  the 
occurrence  of  Snoek  dynamic  strain  aging  during 
prestraining  and  reloading  was  responsible  for  results 


obtained  by  previous  investigators  where  the  Snoek 
plateau  height  decreased  with  increasing  temperatures. 

Test  of  hypothesis. 

The  hypothesis  that  Snoek  dynamic  strain 

aging  is  responsible  for  the  previously  observed 

decrease  in  Snoek  plateau  height  with  increasing 

temperature  was  tested  by  calculating  the  value  of 

e/D  at  which  similar  results  should  be  expected  to 

be  obtained  using  the  vanadium  of  this  investigation. 

It  was  determined  that  at  the  prestrain  strain  rate 

used  with  the  specimens,  whose  data  appear  in 

Figure  22,  section  5.2,  a temperature  of  at  least 

393  K and  403  K would  be  necessary  for  Snoek  dynamic 

strain  aging  to  occur.  The  e/D  ratios  corresponding 

14 

to  these  temperatures,  respectively,  are  1.23  x 10 
13 

and  4.76  x 10  . Increasing  the  temperature  to  413  K 

or  423  K would  give  a better  e/D  ratio,  but  then  the 
aging  times  would  be  too  short  for  an  accurate 
measurement  of  the  yield  point  return  due  to  Snoek 
ordering  to  be  made. 

As  described  in  section  5.2,  at  the  time 
these  tests  were  made  only  a few  vanadium  specimens 
were  available  and  it  was  necessary  to  perform  more 
than  one  test  on  each  specimen.  One  set  of  specimens 


170 


was  aged  at  a constant  stress  of  0.90o^.  Another  set 
was  permitted  to  relax  during  aging  by  stopping  the 
crosshead.  This  was  done  to  assess  how  much  diminution 
in  the  yield  point  return  is  due  to  this  method  of 
testing.  In  addition,  specimens  were  aged  for  equal 
intervals  of  time  after  different  prestrains  to  insure 
that  performing  several  tests  on  one  specimen  was  valid. 

The  results  in  Figure  24  of  section  5.2  show 
that  the  Snoek  plateau  height  is  significantly  reduced 
by  aging  at  these  temperatures.  While  some  of  this 
reduction  is  due  to  the  use  of  relaxation,  it  is 
concluded  that  a large  degree  of  the  reduction  is  due 
to  the  occurrence  of  dynamic  strain  aging  during 
prestraining  and  reloading. 

An  explanation  of  the  Snoek  plateau  height  decrease 
with  increasing  temperature. 

An  explanation  can  now  be  offered  as  to 
why  the  Snoek  plateau  height  decreases  with  increasing 
temperature.  When  dynamic  strain  aging  occurs  during 
prestraining,  the  observed  flow  stress  level  has  to 
be  due  to  overcoming  both  dislocation  barriers  and 
Snoek  atmospheres.  Upon  unloading,  most  of  the  atoms 
are  already  reordered  around  the  dislocations.  There- 
fore, during  aging  only  a relatively  few  additional 
atoms  can  reorder.  Upon  reloading,  the  observed  yield 


171 


point  return  reflects  only  the  small  degree  of  extra 
pinning  that  occurs  during  aging,  and  hence  its 
magnitude  is  small. 

The  temperature  for  the  maximum  influence  of 
Snoek  dynamic  strain  aging  on  the  yield  point  return 
will  depend  on  the  prestrain  strain  rate,  since  this 
will  determine  the  optimum  conditions  for  ordering  of 
the  atoms  around  the  dislocations.  To  illustrate  this 
point,  we  can  consider  the  case  of  a dislocation  moving 
at  a particular  velocity  v while  the  temperature  is 
increased.  When  the  temperature  is  very  low,  the 
dislocation  will  be  moving  too  fast  for  the  solute  atoms 
to  reorder  around  it.  As  the  temperature  is  raised, 
the  atoms  begin  to  reorder  around  the  dislocation  while 
it  is  temporarily  blocked  at  an  obstacle  and  serrations 
may  be  observed  at  this  point.  As  the  temperature  is 
further  increased  the  Snoek  ordering  occurs  still  more 
rapidly  around  the  moving  dislocation,  leading  to  a 
drag  force  on  it.  A further  increase  in  the  temperature, 
and  associated  increase  in  the  mobility  of  the  atoms, 
allows  the  solute  to  reorder  quickly  enough  to  keep  pace 
with  the  dislocation  and  the  drag  force  decreases  sharply. 
If  the  temperature  is  increased  still  further,  then 
thermal  energy  will  tend  to  randomize  the  solute  atoms 
and  reordering  will  cease. 
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Above  the  test  temperature  where  the  Snoek 
plateau  is  independent  of  temperature,  the  Snoek  plateau 
height  decreases  when  the  solute  atoms  are  able  to 
reorder  around  the  moving  dislocations  during  prestraining 
and  reloading.  If  the  temperature  is  increased  high 
enough,  the  influence  of  Snoek  dynamic  strain  aging  on 
the  yield  point  return  should  be  lost.  However,  at  these 
temperatures  Snoek  ordering  during  the  aging  portion  of 
a static  strain  aging  test  should  occur  too  quickly  to  be 
observed . 

6.3.5  Additional  Comments 

Following  the  procedure  of  the  previous  section, 
a calculation  can  be  made  for  the  e/Q  ratios  corre- 
sponding to  the  data  of  Rosinger  [40],  Rosinger  and 
Craig  [41],  and  Rosinger,  Craig,  and  Bratina  [37],  where 
the  maximum  yield  point  return  due  to  Cottrell  aging  was 
observed  to  diminish  upon  increasing  the  test  tempera- 

ture  and  where  serrations  were  observed.  Values  of  e/D 
, 9 11 

m the  range  10  - 10  are  thus  obtained,  which 

correspond  to  the  e/D  range  where  Cottrell  dynamic  strain 
aging  generally  occurs. 

An  explanation  may  also  be  offered  for  an 
anomaly  reported  by  Bradford  and  Carlson  [68]  during 
measurements  of  yield  point  returns  in  the  vanadium- 
oxygen  system.  When  specimens  were  prestrained  between 
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623  K and  673  K,  unloaded,  aged,  and  then  reloaded, 
a yield  point  was  not  observed.  However,  prestraining 
specimens  at  room  temperature  and  aging  them  between 
623  and  673  K gave  yield  points.  Since  the  temperature 
range  623  K to  673  K corresponds  to  the  Cottrell  dynamic 
strain  aging  region,  then  it  is  possible  that  the 
occurrence  of  dynamic  strain  aging  during  prestraining 
resulted  in  only  a minor  amount  of  pinning  taking  place 
during  aging  so  that  detectable  yield  points  could  not 
be  observed. 

6 . 4 A Comparison  between  the  Experimental 
and  Theoretical  Time  Dependence 
of  the  Snoek  Strain  Aging  Process 

A significant  aspect  of  the  results  obtained 
in  this  investigation  is  the  observation  that  the  values 
of  the  experimentally  measured  relaxation  times  corre- 
sponding to  Snoek  strain  aging  are  smaller  than  those 
predicted  from  diffusion  coefficients  measured  with  a 
torsion  pendulum. 

In  section  5.3  a comparison  between  the 
experimentally  determined  time  dependence  of  the  yield 
point  return  at  338  K is  made  with  that  calculated 
using  the  equation  Ac  = Aamax[l  ' exp(t/x  )].  The 
maximum  yield  point  return,  Acmax  was  taken  equal  to 
the  experimental  value  while  a relaxation  time  x of 
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18,094  seconds  based  on  the  torsion  pendulum  diffusion 
coefficient  was  used.  The  experimental  relaxation  time, 
corresponding  to  the  time  for  Aa  to  reach  63.21  of  Aa 

max 

was  found  to  be  1,850  seconds.  Thus,  Snoek  strain 
aging  at  338  K effectively  occurs  about  10  times  faster 
than  the  Snoek  effect  in  an  internal  friction 
measurement . 

A similar  but  smaller  effect  was  observed  at 
the  higher  temperatures  353  K and  363  K,  where  the 
experimentally  measured  relaxation  times  were  approxi- 
mately half  those  predicted  from  diffusion  coefficients 
measured  in  a torsion  pendulum.  Thus  it  appears  that 
the  discrepancy  between  the  experimental  and  theoretical 
time  dependence  of  Snoek  ordering  increases  as  the 
temperature  decreases. 

As  discussed  m section  3.4,  a difference 
between  these  two  relaxation  times  has  also  been 
observed  by  others  in  the  niobium-oxygen  and  tantalum- 
oxygen  systems.  The  difference  between  the  two 
relaxation  times  also  increased  as  the  test  temperature 
was  decreased  in  these  systems.  On  the  other  hand, 
strain  aging  data  for  the  iron-carbon  system  has 
indicated  no  detectable  difference  in  the  two  relaxa- 
tion times.  For  the  iron-nitrogen  system,  the  results 
are  contradictory.  For  example,  Nekada  and  Keh  [43] 
observed  no  difference  between  the  two  relaxation 
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times;  whereas  Deiobelle  and  Oytana  [45]  observed 
results  similar  to  those  in  the  niobium-oxygen  and 
tantalum-oxygen  systems. 

The  discrepancy  between  the  strain  aging  and 
the  torsion  pendulum  relaxation  times  can  be  rationalized 
in  terms  of  a difference  in  the  conditions  under  which 
the  Snoek  ordering  process  is  measured  in  the  two  methods. 
Both  the  return  of  the  yield  point  and  internal  friction 
method  measure  effects  due  to  the  reordering  of  inter- 
stitial atoms  in  a stress  field.  However,  the  magnitude 
of  the  stress  or  strain  differs  markedly  in  the  two 
cases.  In  a torsion  pendulum  the  interstitial  atom 
jumps  as  a result  of  a torsional  stress  in  a wire.  In 
this  case  measurements  are  made  in  the  strain  range 
where  the  internal  friction  is  strain  amplitude 

independent.  This  normally  requires  that  the  applied 

- 4 

strain  be  maintained  below  10  [70].  On  the  other 

hand,  the  Snoek  reordering  in  the  yield  point  return 
experiment  occurs  as  a result  of  the  stress  field 
existing  around  a dislocation.  In  this  case,  the  strain 
within  which  the  atoms  primarily  responsible  for  the 
yield  point  return  reorder  may  be  greater  than  10  ^ , 
and  the  relaxation  process  may  be  expected  to  be  more 
rapid. 

A theoretical  treatment  of  the  kinetics  of 
Snoek  ordering  within  the  stress  field  of  a dislocation 


176 


by  Reed-Hill  [71]  indicates  that  atoms  close  to  a 
dislocation  do  reorder  more  rapidly.  His  calculation 
of  the  maximum  force  exerted  on  a dislocation  by  the 
Snoek  ordered  region  as  the  dislocation  is  pulled  away 
from  it  indicates  that  the  maximum  force  which  must 
be  overcome  to  pull  a screw  dislocation  from  its 
ordered  atmosphere  occurs  when  the  dislocation  is  moved 

o 

only  20  A from  the  center  of  the  atmosphere.  It  is 
within  this  region  where  the  significantly  faster 
relaxation  time  for  reordering  is  obtained.  This 
could  then  explain  the  increase  in  kinetics  of  Snoek 
ordering  observed  during  strain  aging. 

The  tendency  for  the  difference  between  the 
two  relaxation  times  to  increase  as  the  test  temperature 
is  decreased  cannot  be  explained  at  this  time  and  is 
an  area  that  requires  further  investigation. 

6 . 5 The  Stress  Dependence  of  the 
Yield  Point  Return 

6.5.1  Conditions  for  Obtaining  a Maximum  Yield  Point 
Return 

A major  feature  of  these  results  is  the 
observation  that  a maximum  value  of  the  yield  point 
return  was  obtained  when  vanadium  specimens,  pre- 
strained at  a strain  rate  6.7  x 10  ^s  ^were  aged  at 
approximately  921  of  the  prestrain  flow  stress.  The 
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stress  level  for  maximum  aging  did  not  appear  to  be 
sensitive  to  temperature,  aging  time,  or  prestrain. 

The  stress  level  for  maximum  aging  did  appear  to  be 
sensitive  to  the  prestrain  strain  rate  if  the  stress 
level  was  expressed  as  a fraction  of  the  prestrain 
flow  stress.  However,  when  the  stress  level  was 
expressed  in  terms  of  its  absolute  value,  the  maximum 
yield  point  return  was  observed  at  the  same  aging 
stress  level  for  both  prestrain  strain  rates. 

A significant  observation  was  that  aging 
occurred  at  a measurable  strain  rate  at  the  higher 
stress  levels  including  where  a maximum  yield  point 
was  obtained.  Measurements  of  the  average  strain 
rates,  over  a 35  minute  interval,  during  aging  at 
the  higher  stress  levels  indicated  that  the  strain 
rate  corresponding  to  a particular  aging  stress  was 
the  same  for  all  test  temperatures  used.  Similar 
measurements  for  specimens  prestrained  at  rates  that 
differed  by  an  order  of  magnitude  indicated  that  the 
aging  stress  rates  were  different  at  most  stress  levels. 
However,  the  same  aging  strain  rate  was  obtained  at  the 
stress  level  corresponding  to  the  maximum  yield  point 
return. 

On  the  basis  of  these  results  it  appears  that 
the  conditions  for  obtaining  a maximum  yield  point  return 
depend  either  on  the  absolute  aging  stress  or  the  strain 
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rate  during  aging.  Resolution  of  this  question  can  be 
achieved  by  comparing  the  absolute  aging  stress  and 
aging  strain  rate  for  specimens  prestrained  2.8%  and  9 
and  aged  at  92 %af  at  363  K for  35  minutes.  The  yield 
points  at  these  prestrains  were  approximately  the  same 
as  seen  in  Figure  30',  section  5.4.  The  average  strain 
rates  during  aging  were  2.74  x 10"7s  1 and  2.88  x 10* 's’1 
for  the  specimens  prestrained  2.8%  and  9%  respectively. 
The  difference  between  these  aging  strain  rates  is 
extremely  small.  However,  the  absolute  aging  stress 
levels  were  222  MPa  and  265  MPa  for  specimens  prestrained 
2.8%  and  9%,  respectively.  That  the  difference  of 
45  MPa  between  these  stress  levels  is  significant  can 
be  seen  by  inspecting  the  width  of  the  peak  shown  in 
Figure  33,  section  5.4. 

It  can  thus  be  concluded  that  the  conditions 
for  obtaining  a maximum  yield  point  return  probably 
depend  primarily  on  the  strain  rate  during  aging.  The 
strain  rate  during  aging,  in  turn,  depends  on  the 
stress  level  developed  by  a specific  prestrain  and 
prestrain  strain  rate. 

Some  speculation  as  to  why  the  magnitude 
of  the  yield  point  return  drops  off  sharply  at  stress 
levels  above  that  corresponding  to  the  maximum  yield 
point  return  can  be  offered  on  the  basis  of  dynamic 
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strain  aging.  An  explanation  as  to  why  the  magnitude 
of  the  yield  point  return  drops  off  at  stress  levels 
below  that  corresponding  to  the  maximum  can  be  given 
on  the  basis  of  a relaxed  dislocation  structure  during 
aging. 

6.5.2  The  Effect  of  Dynamic  Strain  Aging  on  the 
Magnitude  of  the  Yield  Point  Return 

The  measurable  strain  rates  observed  during 
aging  at  the  higher  stress  levels  mean  that  dynamic 
rather  than  static  strain  aging  is  occurring;  that  is, 
interstitial  atoms  are  interacting  with  mobile  dis- 
locations. It  was  shown  in  section  6.3  of  this 
discussion  that  a convenient  parameter  for  assessing 
whether  or  not  dynamic  strain  aging  occurs  at  a 

particular  temperature  and  strain  rate  is  the  ratio 
• • 
e/D.  A calculation  was  made  of  the  e/D  ratios 

corresponding  to  the  strain  rates  during  aging  for 
three  test  temperatures:  353,  363,  and  373  K.  The 

results  are  indicated  in  Figure  37  by  the  unhatched 
bars.  The  dashed  arrows  show  the  e/D  ratio  corre- 
sponding to  the  maximum  yield  point  observed  at  each 
temperature.  The  hatched  bars  and  solid  arrows 
correspond  to  the  e/D  where  Snoek  dynamic  strain  aging 
has  been  observed  by  other  investigators. 
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These  results  indicate  that  Snoek  dynamic 
strain  aging  occurs  down  to  stress  levels  of  at  least 
90%O£.  On  this  basis  it  is  possible  to  offer  an 
explanation  as  to  why  the  magnitude  of  the  yield  point 
return  drops  off  for  aging  at  stress  levels  above  that 
corresponding  to  the'  maximum  yield  point  return.  As 
can  be  seen  in  Figures  26,  28,  34,  and  35,  section  5.4, 
the  aging  strain  rate  approaches  the  prestrain  rate 
as  the  aging  stress  moves  toward  the  prestrain  flow 
stress.  According  to  McCormick's  [72]  proposal,  solute 
atoms  should  age  a dislocation  while  it  waits  to  be 
thermally  activated  through  a barrier.  Increasing  the 
aging  stress  towards  the  prestrain  flow  stress  and 
thereby  increasing  the  aging  strain  rate  should  then 
progressively  decrease  the  waiting  time  at  a barrier, 
resulting  in  a smaller  and  smaller  yield  point  return. 


6.5.3  The  Effect  of  a Relaxed  Dislocation  Structure 

during  Aging  on  the  Magnitude  of  the  Yield  Point 

Speculation  that  the  decrease  in  the 
magnitude  of  the  yield  point  return  with  decreasing 
aging  stress  is  related  to  relaxation  of  the 
dislocation  structure  during  aging  is  based  partly  on 
observations  of  the  shape  of  the  reloading  stress- 
strain  curves.  When  specimens  were  aged  at  low  stress 
levels,  a significant  amount  of  microstrain  was  observed 


preceding  the  upper  yield  point  upon  reloading.  However, 
when  specimens  were  aged  at  high  stress  levels,  the  re- 
loading stress  - strain  curves  were  essentially  elastic 
right  up  to  the  upper  yield  point. 

A crude  measure  of  this  microstrain  was 
obtained  from  s tress'- strain  curves  using  the  following 
method:  vanadium  specimens  were  deformed  at  365  K to  a 

strain  of  91  at  a strain  rate  of  6.7  x 10  5s  1,  unloaded 
to  various  stress  levels,  aged  for  35  minutes  and  then 
reloaded.  A strip  chart  speed  was  used  during  reloading 
that  gave  a strain  sensitivity  of  about  10*J.  The 
microstrain  observed  preceding  the  upper  yield  point  was 
measured  at  three  stress  levels.  These  were:  the 

stress  level  corresponding  to  the  upper  yield  point 
obtained  after  reloading;  the  level  of  the  prestrain 
flow  stress;  and  at  921  of  the  prestrain  flow  stress. 

The  microstrain  was  measured  by  taking  the  difference 
between  the  strain  from  the  reloading  stress-strain 
curve,  and  the  strain  corresponding  to  the  same  stress 
level  that  would  have  been  obtained  if  the  reloading 
stress- strain  curve  had  remained  perfectly  linear.  This 
latter  strain  was  determined  in  terms  of  the  slope  of  the 
initial  portion  of  the  reloading  s tress  - strain  curve. 
Since  the  amount  by  which  the  reloading  stress-strain 
curve  deviated  from  linearity  was  being  measured,  it  was 
necessary  to  determine  how  much  deviation  from  linearity 
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was  due  to  the  characteristics  of  the  testing  machine. 
This  was  accomplished  by  using  an  identical  testing 
sequence  on  a steel  specimen  with  a high  elastic  limit. 

A difference  of  1%  was  measured  between  the  initial 
and  final  slopes  of  the  reloading  stress  - strain  curves, 
and  the  slope  measurements  obtained  for  the  vanadium 
specimens  were  corrected  for  this  nonlinearity.  The 
results  of  the  microstrain  measurements  are  shown  in 
Table  V. 

The  microstrain  measurements  made  at  the 
upper  yield  point  indicate  that  about  twice  as  much 
microstrain  is  observed  upon  aging  at  0.27a£  as  at 
0.92 a . It  is  also  evident  that  the  greatest  amount 
of  microstrain  was  observed  for  aging  at  stress  levels 
below  50 %a£.  The  data  obtained  at  the  prestrain  flow 
stress,  Of,  and  at  0.92 a , indicate  that  the  major 
portion  of  nonlinearity  occurred  at  stress  levels  near 
the  upper  yield  point.  The  negative  values  obtained  at 
92 %0£  indicate  the  large  inherent  error  of  the  method. 
While  these  measurements  can  only  serve  as  a rough 
indication  of  the  magnitude  of  the  microstrain,  one  can, 
however,  conclude  that  the  amount  of  microstrain 
observed  increases  with  decreasing  aging  stress. 

Observations  of  small  amounts  of  plastic 
deformation  prior  to  the  upper  yield  point  in  BCC  metals 
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TABLE  V 


Measurements  of 

Microstrain 

Preceding 

the  Upper  Yield 

Point  After 

Reloading 

Aging  Stress 
( %af  ) 

% £ 

micro 

@ Yield  Point 

@ 0£ 

@ 0.92af 

27 

0.1590 

0.0455 

0 . 0035 

37 

0.1438 

0.0425 

0.0040 

50 

0 . 0780 

-0.0030 

-0.0185 

50 

0.0760 

0.0325 

0.0046 

70 

0.0706 

0.0123 

-0  . 0063 

90 

0.0741 

0.0054 

-0.0002 

92 


0 . 0661 


0.0041 


0 
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are  well  documented  and  several  theories  have  been 
advanced  to  explain  the  nature  of  the  dislocation 
movements  believed  to  be  responsible  [73,  74].  One 
of  these  associates  microstrain  with  the  breaking  away 
of  lengths  of  dislocation  line  from  their  interstitial 
atmospheres  [75,76].'  It  is  possible  to  offer  an 
explanation  for  the  increase  in  microstrain  preceding 
the  upper  yield  point  in  accordance  with  this  concept. 
During  aging  at  lower  stress  levels  the  dislocations 
may  back  away  from  their  obstacles  due  to  the  presence 
of  the  back  stress.  Some  of  these  dislocations  may 
then  be  pinned  at  a distance  away  from  their  obstacles. 
Upon  reloading,  they  may  be  able  to  break  away  from 
their  ordered  interstitial  atmosphere  before  encountering 
an  obstacle,  thus  giving  rise  to  the  observation  of 
microstrain  preceding  the  upper  yield  point.  However, 
during  aging  at  high  stress  levels  the  dislocations 
should  be  pressed  against  their  obstacles  and  aged  there. 
Upon  reloading  a dislocation  then  has  to  break  away  both 
from  its  ordered  interstitial  atmosphere  and  from  the 
obstacle  simultaneously,  and  a much  smaller  amount  of 
microstrain  would  be  observed.  The  greater  yield  point 
return  measured  at  stress  levels  where  little  microstrain 
is  observed  could  then  be  concluded  to  be  a result  of  a 
dislocation  having  to  simultaneously  overcome  the  greater 
energy  barrier  of  the  obstacle  and  its  ordered 
interstitial  atmosphere. 
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Support  for  this  viewpoint  comes  from  TEM 
observations  made  by  Almond  and  Hull  [36].  Iron 
specimens  were  aged  at  20%  and  80%  of  the  prestrain 
flow  stress  for  12  hours  at  315  K.  Dislocation 
structures  were  then  observed  after  this  aging  treatment. 
In  specimens  aged  at  20%a^,  the  dislocation  segments 
were  straight  and  randomly  distributed;  whereas  in 
specimens  aged  at  80%O£,  the  dislocation  segments  were 
bowed  out  and  piled  against  tangles. 

The  viewpoint  that  dislocations  are  pinned 
in  a bowed  out  configuration  upon  aging  at  high  stress 
levels  has  been  expressed  by  several  investigators 
[36,50,51,77].  According  to  this  viewpoint  a greater 
net  stress  is  required  to  unpin  a dislocation  aged  in 
a bowed  out  configuration  than  to  unpin  a dislocation 
aged  in  a relaxed  configuration. 

The  microstrain  measurements  made  in  this 
investigation  support  this  viewpoint  since  most  of  the 
microstrain  was  measured  after  aging  at  the  lower 
stress  levels.  In  this  case  the  dislocations  can  be 
assumed  to  be  aged  at  some  distance  away  from  their 
barriers.  At  somewhat  higher  stresses,  the  dislocations 
become  aged  against  their  barriers.  At  the  highest 
aging  stresses  the  dislocations  are  bowed  out  between 
their  barriers  and  then  aged. 

It  can  thus  be  concluded  that  the  magnitude 
of  the  yield  point  return  observed  upon  aging  at 
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stress  levels  below  that  corresponding  to  the  maximum 
depends  on  the  relaxation  of  the  dislocation  structure 
during  aging. 


CHAPTER  VII 
CONCLUSIONS 


From  data  obtained  with  vanadium  specimens 

containing  132  ppm  oxygen,  prestrained  2.8%  and  9% 

at  strain  rates  of  6.7  x 10_5s  1,  3.9  x 10  5s  and 
-A  - 1 

8.9  x 10  's  between  338  K and  403  K with  aging 
stress  levels,  between  27%  and  98%  of  the  prestrain 
flow  stress  it  can  be  concluded  that  within  the  limits 
of  experimentation: 

1.  The  kinetics  of  Snoek  strain  aging  are 
independent  of  the  aging  stress. 

2.  The  height  of  the  Snoek  plateau  is 
independent  of  temperature  when  prestraining  and 
reloading  occur  at  a rate  and  temperature  where  Snoek 
dynamic  strain  aging  does  not  occur.  It  decreases 
with  increasing  temperature  when  Snoek  dynamic  strain 
aging  does  occur  during  prestraining  and  reloading. 

3.  The  Snoek  effect  occurs  at  a faster  rate 
during  strain  aging  than  during  amplitude  independent 
internal  friction  measurements.  It  is  postulated  that 
this  occurs  because  the  interstitial  atoms  which  are 
primarily  responsible  for  the  yield  point  return  reorder 
at  a more  rapid  rate  because  they  are  in  the  high 
intensity  strain  fields  close  to  the  dislocations. 
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4.  A sharp  maximum  in  the  magnitude  of  the 
yield  point  return  is  observed  over  a limited  range 
of  aging  stresses.  The  stress  dependence  of  the  yield 
point  return  on  each  side  of  the  maximum  is  determined 
by  two  conditions: 

(a)  First  consider  the  yield  point  return  for 
aging  stress  levels  above  the  maximum.  In  this  stress 
range  aging  takes  place  while  the  specimen  is  subjected 
to  a finite  strain  rate  which  increases  with  increasing 
stress.  It  is  postulated  that  in  this  region,  Snoek 
dynamic  strain  aging  occurs  during  aging.  Increasing  the 
aging  stress  towards  the  prestrain  flow  stress  and  there- 
by increasing  the  aging  strain  rate  decreases  the  waiting 
time  at  a barrier,  thus  resulting  in  a smaller  and 
smaller  yield  point  return. 

(b)  It  is  postulated  that  the  drop  in  the  yield 
point  return  after  aging  at  stress  levels  below  that 
corresponding  to  the  maximum  yield  point  return  is  due 

to  aging  of  a relaxed  dislocation  structure.  A lower 
yield  point  return  is  observed  after  aging  at  low  stress 
levels  since  dislocations  are  aged  at  a distance  away 
from  their  barriers  and  may  break  away  from  their  inter- 
stitial atmospheres  before  having  to  surmount  a barrier. 

From  data  obtained  with  tantalum  specimens 
containing  52  ppm  oxygen,  prestrained  9%  at  a rate  of 
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6.7  x 10  5s  ^ , between  368  K and  388  K and  aged  at 
20%,  50%  and  85%a^,  it  can  be  concluded  that  within 
the  limits  of  experimentation: 

5.  The  activation  energy  of  Cottrell  strain 
aging  is  independent  of  the  aging  stress. 
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